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Author's  Foreword 


Intensive  construction  of  ships  able  to  sail  in  ice  and  of  ice¬ 
breakers  ,  as  well  as  a  systematic  study  of  the  ice  qualities  of  ships 
sailing  in  ice,  was  begun  in  the  Soviet  Union  in  the  1930's  in  connec¬ 
tion  with  the  mastery  of  the  Northern  Sea  Route  and  the  expansion  in 
the  volume  of  shipping  in  frozen  seas. 

In  1933-1934,  work  was  carried  out  under  the  leadership  of  A.  K. 
Osmolovskiy  [33]  in  which  an  attempt  was  made  to  evaluate  the  magnitude 
of  ice  stresses  which  damaged  cargo  ships  in  the  Gulf  of  Finland.  The 
evaluation  was  based  on  analysis  of  the  ice  damage.  A  simplified  theory 
of  the  elastic-plastic  bending  of  beams  was  used  to  determine  the  mag¬ 
nitude  of  the  ice  loads.  However,  this  work  did  not  relate  the  magni¬ 
tude  of  the  internal  stresses  to  the  physical  and  mechanical  charac¬ 
teristics  of  ice,  so  results  could  not  be  used  to  study  other  frozen 
basins.  Moreover,  this  method  could  not  be  used  to  determine  the  ice 
loads  on  icebreakers,  which  have  a  high  safety  factor. 

Attempts  to  experimentally  establish  the  nature  and  magnitude  qf 
ice  loads  by  investigating  strain  on  the  hull  joints  in  the  icebreak¬ 
ing  steamship  Sadke  were  also  a  part  of  the  prewar  period.  Experimental 
work  was  continued  with  the  icebreaker  Yermak  and  the  icebreaking 
steamship  Sibiryakov  in  1933*  Gugenberger  strain  gages,  slide  deflecto- 
meters,  Geiger  strain  micrographs,  and  similar  instruments  were  used  to 
take  the  measurements.  As  tests  proceeded,  it  became  evident  that  none 
cf  these  instruments  were  suitable  for  investigating  dynamic  ice  pres¬ 
sures  under  natural  conditions.  Therefore,  during  the  expedition  aboard 
the  icebreaker  Yermak  in  1936,  a  contact  def lectometer,  which  made  re¬ 
mote  synchronous  recording  of  deformat ior.s  at  various  points  on  the  hull 
possible,  was  used.  Investigation  of  the  ice  strength  of  the  icebreaker 
Krasin  and  of  the  icebreaking  steamship  Sadke  was  made  during  this  same 
year.  These  tests  established  the  dynamic,  local  nature  of  ice  loads 
and  approximate  ice  load  magnitudes  for  various  ships.* 


*  A.  K.  Osmolovskiy,  F.  V.  Yakovskiy,  V.  V.  Davydov,  G.  0.  Taubin, 
L.  M.  Nogid,  and  others  took  part  in  the  experiments. 
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Conventional  Measurements  of  the  Ice  Qualities  of  Ships,  by  Yu. 

A.  Shiaanakiy  [533*  published  in  1938,  was  the  first  scientific  work  to 
nake  note  of  the  improved  net hod  of  asking  a  comparative  evaluation  of 
the  strength  of  ships,  taking  into  consideration  their  operational  ex¬ 
periences.  For  a  long  tiae  this  work  served  as  the  only  guide  for  de¬ 
signers. 

However,  rational  designing  of  icebreakers  and  ships  which  sail 
in  the  ice  makes  it  necessary  to  know  not  only  the  relative (conditional) 
values,  but  also  the  true  values  of  ice  loads.  A.  I.  Maslov  devoted 
his  work  [32]  to  this  problea.  He  was  the  first  to  consider  the 
strength  of  the  ice  as  one  of  the  factors  determining  the  magnitude  of 
ice  loads  which  act  on  a  ship's  hull. 

V.  V.  Davydov  [12,  13]  investigated  the  process  involved  when  a 
ship  hits  the  ice,  and  proceeded  from  the  general  solution  for  eccen¬ 
tric  inpact  from  theoretical  mechanics,  taking  into  consideration  the 
yielding  of  the  side  and  the  elastic  strain  of  ice  compression.  How¬ 
ever,  V.  V.  Davydov  did  not  consider  such  very  important  factors  as 
crumpling  of  the  ice  edge,  it 3  deflection  by  the  sloping  side  of  the 
ship,  and  the  effect  of  the  adjoining  water  masses. 

N.  A.  Zabotkin  devoted  his  work  [19]  to  investigating  the  dynamics 
of  an  icebreaker's  movements  when  breaking  ice  by  gaining  momentum  and 
hitting  the  ice. 

In  the  early  1940' s,  V.  I.  Neganovyy,  L.  M.  Nogid,  and  A.  S. 

Fisher  conducted  important  experimental  and  theoretical  research  on  the 
process  involved  in  breaking  the  ice  cover  and  in  the  nature  of  the 
interaction  between  the  icebreaker’s  hull  and  the  ice.  A  little  later, 
Yu.  A.  Shimanskiy  and  L.  M.  Nogid  developed  the  basis  of  a  theory  for 
modeling  ships'  movements  in  ice. 

I.  V.  Vinogradov's  monograph  [10],  published  in  1946,  presents  an 
analysis  of  icebreaker  operations  in  ice  and  discusses  the  influence 
of  a  ship’s  basic  elements  on  its  ice  qualities.  In  addition,  inter¬ 
esting  factual  material  concerning  the  design  and  construction  of  the 
hulls  of  cargo  ships  for  ice  use  and  of  icebreaker  hulls  is  assembled 
and  generalized. 

In  1954-1957,  Yu.  I.  Voskresenskiy  and  A.  Ya.  Sukhorukov  (under 
the  direction  of  Yu.  A.  Shimanskiy)  developed,  and  made  more  precise, 
the  "conventional  gage"  method.  Specifically,  instead  of  the  previously 
considered  strip  bending,  the  solution  for  a  plate  resting  on  a  flex¬ 
ible  foundation  was  used.  At  the  same  time,  a  determination  of  the  re¬ 
duced  kinetic  energy  was  made  on  a  basis  of  the  results  of  Yu.  N.  Popov's 
work  [38].  He  considered  the  spatial  problem  of  the  eccentric  impact  of 
two  bodies  (ship  and  ice),  taking  into  consideration  the  adjoining  water 
masses.  Yu.  I.  Voskresenskiy  investigated  the  behavior  of  hull  struc¬ 
tures  in  the  plastic  zone  to  evaluate  the  magnitude  of  real  ice  loads  by 
measuring  non-elastic  strain. 
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N.  P.  Yerahov  [17]  investigated  the  strength  of  the  external  plat¬ 
ing  in  the  elastic-plastic  zone  for  ships  sailing  in  the  ice.  In  his 
consideration  of  ice  compression  for  cargo  ships,  N.  F.  Yerahov  assumed 
that  the  ice  cover  was  broken  by  shear  stresses,  and  that  cracks  per¬ 
pendicular  to  the  side,  are  formed  after  which  strips  of  ice  break  off. 

N.  K.  T arshin  also  made  a  theoretical  determination  of  ice  loads. 

He  considered  the  process  of  eccentric  impact  of  a  ship  against  the  ice 
and  took  the  carrying  capacity  of  the  ice  cover  into  consideration  in 
his  analysis  of  ice  compression. 

In  1959,  L.  M.  Nogid's  work  [33] i  devoted  to  the  determination  of 
impact  loads  on  a  ship's  hull  when  it  contacts  ice,  was  published. 

The  author  solved  this  problem  by  the  energy  method,  taking  into  consid¬ 
eration  the  crumpling  of  the  edge  and  buckling  of  the  ice.  L.  M.  Nogin 
took  the  indeterminacy  of  the  solution,  connected  with  the  impossibility 
of  making  a  strict  selection  of  ice  floe  configuration  and  of  the 
physical  and  mechanical  properties  of  the  ice,  into  consideration  and 
introduced  a  correction  factor  in  the  final  formulas  used  for  the  cal¬ 
culations.  A  shortcoming  common  to  the  work  done  by  M.  K.  Tarshish 
and  L.  H.  Nogid  is  that  the  ice  edge  crumples  throughout  its  thickness, 
and  this  is  not  so  under  natural  conditions. 

The  use  of  electrical  resistance  strain  gages,  which  make  possible 
synchronous  recordings  of  readings  of  sensors  installed  at  several 
points,  must  be  considered  a  new  stage  in  experimental  research  on  the 
strength  of  hulls  under  ice  conditions.  Tests  such  as  these  were  made 
aboard  the  diesel-electric  ships  Lena  (1956),  Baykal  (1957),  Dneproges 
(1958),  Penzhina  (1963),  the  motor  ships  Bobruyskle's  (1964),  Ivan  Moskvin 
(1965),  and  the  new  icebreakers  (1965-1966).  Valuable  data  on  the  magnx- 
tude  and  nature  of  the  application  of  dynamic  ice  loads  were  obtained 
from  these  tests. 

The  works  of  N.  M.  Shchapov  [55]»  B,  V.  Zylev  [20],  K.  N.  Korzhavin 
[22,  23],  and  I.  P.  Butyagin  [7],  devoted  to  the  study  of  the  action  of 
ice  on  hydraulic  engineering  structures,  as  well  as  the  works  of  S.  S. 
Golushkevich  and  P.  A.  Kuznetsov  [27],  which  present  the  results  of  the 
investigation  of  the  physical  and  mechanical  properties  of  ice,  and 
the  strength  characteristics  of  the  ice  cover,  are  of  definite  interest. 

Scientific-research  papers  devoted  to  questions  of  the  ice  strength 
of  cargo  ships  and  icebreakers  are  rarely  published  abroad.  The  article 
by  Simpson  [58)1  which  considers  the  selection  of  the  bow  lines  for  Wind 
class  icebreakers  can  be  included  among  known  foreign  papers.  Jansson's 
paper  [36]  studied  the  physical  and  mechanical  properties  of  ice,  de¬ 
fined  the  forces  which  act  on  an  icebreaker  when  it  is  breaking  ice, 
and  investigated  how  the  ice  cover  is  broken.  This  paper  also  considered 
questions  concerned  with  overall  and  local  strength  of  icebreakers.  The 
paper  by  Milano  [57] ,  which  appeared  in  1962,  is  devoted  to  an  investi¬ 
gation  of  the  process  of  breaking  ice  with  an  icebreaker.  It  is  of 
interest  only  from  the  standpoint  of  its  use  of  experimental  data  on  the 
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strength  characteristics  of  ice  and  of  enpirical  coefficients  obtained 
from  operational  experience  of  American  icebreakers. 

This  book,  which  is  devoted  to  the  ice  strength  of  ships,  takes 
the  basic  positions  developed  by  the  above-mentioned  Soviet  researchers 
into  consideration.  Widely  used  as  well  are  the  results  of  recent  re¬ 
search,  experimental  work,  and  the  voluminous  factual  material  from  the 
operational  experience  of  cargo  ships  and  icebreakers. 

The  book  has  two  sections.  The  first  section  presents  a  method  for 
determining  ice  loads  acting  on  the  hull  of  a  ship  sailing  in  ice. 
Determining  the  magnitudes  of  the  ice  loads  is  an  extremely  complex 
problem  in  view  of  the  diversity  of  ice  conditions.  Therefore,  a  method 
for  computing  ice  loads  is  taken  which,  while  reflecting  the  physical 
sense  of  the  phenomenon  considered  as  a  whole,  allows  the  basic  factors 
which  stipulate  it  to  be  calculated.  The  proposed  method  is  universal 
in  the  sense  that  it  is  used  for  merchant  ships  for  any  purpose  >ind  any 
ice  class. 

The  second  section  presents  the  basis  for,  and  choice  of,  calcula¬ 
tion  systems  for  determining  internal  stresses  and  strains  arising  in 
hull  structures  under  the  influence  of  ice  loads,  and  makes  recommenda¬ 
tions  for  the  rational  designing  of  these  structures. 

The  book,  while  calling  the  reader's  attention  to  these  questions, 
does  not  pretend  to  be  an  exhaustive  treatment  of  all  questions  con¬ 
cerned  with  the  ice  strength  of  ships.  Many  of  these  questions  need 
further  development  and  clarification.  The  authors  set  themselves  the 
modest  task  of  helping  designers  more  soundly  approach  the  selection 
of  calculated  ice  pressures  and  the  determination  of  the  strength  di¬ 
mensions  of  hull  structures  for  ships  sailing  in  ice. 

We  ask  that  remarks  and  comments  concerning  the  book  be  sent  to 
the  following  address:  Leningrad,  D-65,  ul.  Gogolya,  8,  "Sudostroyeniye" 
Publishing  House. 


SECTION  ONE 


DETERMINING  ICE  LOADS  WHICH  ACT  ON  A  SHIP'S  HULL 


CHAPTER  I 

NAVIGATIONAL  CONDITIONS  AND  AN  ANALYSIS  OF  INTERACT ICN 
BETWEEN  A  SHIP'S  HULL  AND  THE  ICE 


1.  Classification  of  Sea  Ice  and  Its  Physical  and  Mechanical 

Properties. 


Ice  conditions  in  the  Arctic  and  other  frozen  seas  are  unstable 
because  of  the  large  variety  of  ices  caused  by  such  natural  factors  as 
wind,  current,  ice-freezing  and-thawing  temperature  conditions,  etc. 

In  the  present  classification  system,  sea  ice  is  categorized  ac¬ 
cording  to  age,  formation,  susceptibility  to  erosion,  mobility  and  floe 
size.  In  addition,  drift  (mobile)  ice,  is  categorized  according  to  com¬ 
pactness. 

The  age  classifications  of  ice  are:  new  ice  (candle  ice,  frazil, 
grease  ice);  black  ice  (pancake  ice,  glass  ice);  gray  ice;  white  ice; 
one-year  ice;  young  polar  ice  and  old  ice  (Arctic  pack),  more  than  two 
years  old  which  is  characteristic  of  high  Arctic  latitudes. 

Ice  cover  is  subdivided  by  formation  into  level  ice,  rafted  ice 
and  hummocked  ice.  The  degree  of  hummocking  is  rated  on  a  five-point 
scale  according  to  the  area  covered  by  hummocks  relative  to  the  entire 
visible  area. 

Ice  erosion  is  characterized  by  external  indications  of  thawing 
such  as  puddles  on  the  ice,  thawing,  holes  in  the  ice,  lakes,  etc.  Ice 
erosion  is  rated  on  a  five -point  scale. 

Sea  ice  is  divided  according  to  mobility  into  fast  ice,  the  basic 
form  of  which  is  shore  ice  —  a  compact  ice  cover  connected  to  the  shore 
and  drift  ice  which  moves  as  a  result  of  wind  and  current  action.  Shore 
ice  can  extend  up  to  several  hundred  kilometers. 

Drift  ice  is  subdivided  into  two  basic  groups  according  to  size  — 
ice  fields  and  open  pack  ice  which  are  formed  as  a  result  of  the  erosion 
of  shore  ice  and  subsequent  breaking  up  of  the  ice,  accretion  of  ice  and 
freezing  of  small  floes. 

The  condition  of  drift  ice  is  defined,  aside  from  erosion,  according 
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to  compactness  which  is  rated  according  to  the  ration  of  the  fioe  area 
to  the  visible  sector  area  (compactness  is  rated  on  a  ten-point  scale); 
and  by  compression  which  results  from  ice  motion  caused  by  wind  and  cur- 
rerc.  The  degree  of  compression  is  rated  on  a  three-point  scale. 

From  what  has  been  said,  it  follows  that  an  extremely  wide  variety 
of  ice  conditions,  difficult  to  breakdown  into  strict  classifications, 
can  be  encountered  on  shipping  lanes.  Therefore,  when  determining  ice 
loads  which  act  on  a  ship's  hull,  basic  factors  which  substantially  in¬ 
fluence  the  magnitude  of  these  loads  should  be  taken  into  consideration. 
These  include,  first  of  all,  the  ice  thickness  and  strength  as  well  as 
floe  size. 

Ice  is  a  hard  crystalline  substance  having  a  number  of  specific 
properties.  The  elastic  and  plastic  properties  of  ice  develop  in  various 
ways  depending  on  age,  presence  of  snow  cover,  duration  of  load  appli¬ 
cation,  state  of  stress,  temperature,  texture  and  chemical  composition. 
Its  physical  and  mechanical  characteristics  also  change  correspondingly. 

The  duration  of  load  application  exerts  a  substantial  influence  on 
ice  behavior.  Therefore,  when  studying  the  physical  and  mechanical  pro¬ 
perties  of  ice,  the  more  characteristic  forms  of  loads  which  occur  when 
there  is  interaction  between  a  ship's  hull  and  ice  should  be  considered 
at  length.  These  should  include  impact  loads  acting  on  the  hull  when 
a  ship  is  moving  in  ice  and  static  loads  when  a  ship  is  under  ice  com¬ 
pression. 

When  there  is  dynamic  interaction  between  a  ship's  hull  and  ice, 
the  latter  behaves  as  a  completely  elastic,  solid  body  [4,  29,  37J. 
Natural  ice  cover  is  a  polycrystalline  body  and  in  directions  parallel 
to  its  freezing  surface,  can  be  considered  as  isotropic.  Some  change  in 
physical  and  mechanical  characteristics  resulting  from  a  temperature 
drop  and  change  in  relationship  between  the  crystal  and  liquid  (brine) 
phases,  is  usually  observed  throughout  the  thickness.  With  this  type 
of  anisotropy,  the  ice  cover  can  be  considered  as  an  isotropic  plate 
[26],  the  elastic  characteristics  of  which  are  described  by  some  average 
modulus  of  normal  elasticity  E  and  Poisson's  ratio  |i. 

The  most  widespread  methods  for  determining  these  characteristics 
at  the  present  time  are  acoustic  and  seismic  methods,  as  well  as  tests 
on  small  ice  samples  [4,  29].  The  most  reliable  method  is  to  determine 
the  modulus  of  normal  elasticity  E  by  the  magnitude  of  the  resonant 
(critical)  frequency  of  flexular  waves  propagated  in  the  ice  cover. 

Calculations  obtained  by  using  data  from  these  measurements  have 
shown  that  the  modulus  of  elasticity  of  sold  Arctic,  salty  ice,  changes 
with  the  range 

E  =  (  2  to  5)  x  lO^t/m2. 

The  magnitude  of  the  modulus  of  elasticity  determined  in  such  a 
way,  provides  its  average  value  for  a  large  area.  Heterogeneities  in  the 
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ice  cover  do  not  affect  the  nagnitude  E  since  their  distensions  are  practi¬ 
cally  inconsoensurable  with  the  critical  wavelength  which  reaches  100  to 
200  a.  Proceeding  further  frost  these  considerations,  an  average  value 
for  the  modulus  of  elasticity  E  =  3.105  t/m  is  assumed  for  dynamic  con¬ 
ditions  for  solid,  Arctic,  salty  ice.  For  f^esh  £ce,  the  design  value  of 
the  modulus  should  be  increased  to  E  *  5*  10  t/m  . 

The  isagnitude  of  the  modulus  of  shearing  G,  is  also  unstable}  how¬ 
ever,  the  ratio  E/G  remains  practically  constant  in  the  majority  of  cases 
(E/G  rj  2.6).  Therefore,  an  average  value  of  Poisson's  ratio  for  ice  li  = 

=  0.34  can  be  obtained. 

When  there  is  prolonged  load  application,  for  example  during  ice 
compression,  the  plastic  properties  of  ice  appear.  In  this  case,  the 
relationship  between  the  strain  velocity  and  the  magnitude  of  stress  may 
be  nonlinear.  According  to  K.  F.  Voytkovskiy 's  data  [11],  a  quadratic 
relationship  exists  between  the  established  velocity  of  deflection  of 
ice  beams  and  the  magnitude  of  a  design  load.  Deflection  of  floating  ice 
slabs  is  relatively  well-described  by  a  linear  model,  viscous  elastic  body 
[50].  In  this  case,  the  modulus  of  constant  resistance  should  be  taken 
as  a  computed  value.  As  some  academic  calculaxions  and  experimental  data 
show,  the  magnitude  of  this  modulus  is  approximately  eight  to  nine  times 
smaller  than  the  dynamig  modulus.  In  the  future,  when  there  is  prolonged 
load  action,  E  =  4  x  10  t/m  will  be  taken  as  the  computed  value  of  the 
modulus  of  elasticity  for  sea  ice. 

The  maximum  value  for  loads  acting  on  a  ship's  hull  in  ice  cannot 
exceed  the  magnitude  of  stresses  which  break  ice  covers.  Therefore,  when 
determining  ice  loads,  it  is  necessary  to  know  the  magnitudes  of  the  ice's 
ultimate  local  crushing  (breaking)  strength  a^,  bending  strength  and 
shearing  strength 

According  to  K.  N.  Korzhavin’s  data  [22],  the  magnitude  of  the 
ultimate  local  crushing  strength  of  ice  is  a  =  (2.5  to  2.7)  cj  ,  where 
a  is  the  ultimate  strength  of  ice  against  uniaxial  compression,  de¬ 
termined  on  samples. 

With  static  loading  (ice0compression) ,  a  magnitude  of  a  within, 
the  range  =  50  to  100  t/m  can  be  assumed,  then  0c  =  125  to  270  t/m  . 

_  When  there  is  static  load  action,  it  is  recommended  that  a  =  200 

t/m  be  assumed  as  an  average  value  for  the  ultimate  crushing  strength 
of  ice  for  ice-strengthened  classes  of  cargo  ships.  This  corresponds  to 
average  strength  Arctic  ices.  For  icebreakers,  a  vglue  near  to  the  upper 

limit  is  assumed  as  the  design  value:  a  =  25O  t/n  .  This  corresponds 

to  solid  Arctic  fresh  ice  and  shore  ice. 

When  there  is  dynamic  load  action,  the  magnitude  of  ice  crushing 
stresses^is  considerably  greater  than  the  static  value,  reaching  800  to 
1000  t/m  and  greater.  In  essence,  pressure  in  the  contact  zone  between 
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a  ship's  hull  and  ice  cannot  be  identified  with  the  ultimate  crushing 
strength  of  ice  o  .  In  this  case,  an  effective  value  for  a  ,  depending 
primarily  on  the  velocity  of  the  collision,  should  be  introduced. 

A  method  for  determining  the  magnitude  of  contact  stresses  when  a 
ship  strikes  ice  is  described  in  detail  below  (see  number  6).  In  order 
to  calculate  thes^  stresses,  the  design  values  for  ac^  which  can  be  assumed 
as  500  to  600  t/m“  for  icebreakers  and  300  to  400  t/m  for  ice  qargo  ships, 
must  be  known.  We  note  that  values  for  a  greater  than  600  t  /m°  comprise 
less  than  5%  of  the  total  number  of  feasi§le  measurements  for  the  crushing 
strength  of  Arctic  seas  [37]. 

According  to  experimental  data,  the  magnitude  of  the  ultimate  bending 

strength  of  ice  o depends  only  slightly  on  the  period  of  lead  application 

[21,  23J.  However,  the  magnitude  of  <7  changes  within  a  wide  range  as  a 

result  of  the  salinity  of  ice  and  its  temperature.  Thus,  according  to 

B.  P.  Veyberg's  da'  \  [ 9 1 ,  a  =  (44  to  162)  t/m  for  fresh  ice. 

b 

The  bending  strength  of  Arctic, salty  ice  is  considerably  less  and 
varies  in  range  from  30  to  120  t/m  . 

V.  I.  Kashtelyan  [21]  notes  that  the  reason  for  such  wide  variation 
in  the  magnitude  of  is  evidently,  not  only  that  there  are  differences 
in  ice  properties  but  also  differences  in  experimental  methods.  In  this 
work,  near  maximum  values  for  arg  assumed  as  design  values:  100 

t/m“  for  salty  ice  and  =  125  t/m  for  fresh  ice.  These  valuec  for 
are  assumed  as  design  values  in  the  case  of  a  ship's  striking  ice  as 
well  as  a  ship  under  ice  compression. 

The  ultimate  shearing  strength  of  ice  is  considerably  less  than  its 
ultimate  bending  and  crushing  strengths.  According  to  datg  of  K.  N. 
Korzhavin  [22],  this  magnitude  does  not  exceed  T  =  60  t/m  for  fresh 
ice.  The  magnitude  of  is  considerably  less  for  salty, sen  ice  and  in  the 
future,  will  be  assumed  as  30  t/m  . 

The  strength  of  ice  depends  on  its  composition,  temperature,  age, 
porosity,  etc.,  and  changes  within  a  rather  wide  range.  Under  natural 
conditions,  sectors  of  ice  with  great  strength  exist  side  by  side  with 
sectors  having  extremely  little  strength.  In  the  future,  a  near  maximum 
value  of  ice  strength  will  be  assumed  for  calculations.  Accordingly, 
the  de.^ity  of  fresh  ice  is  assumed  as  Y  a  pg  =  0.91  to  0.92^ t/m  ,  and 
the  density  of  salty  ice  in  wintertime,  Y  =  O.87  to  0.90  t/m3  [3 71.  For 
Arctic, salty  ice  in  the  summertime,  Y  =0.85  to  O.87  t/m  . 

In  conclusion,  we  shall  present  some  data  concernirg  the  coefficient 
of  friction  of  ice  against  steel. 

According  to  V.  I.  Arnol 'd-Alyab'yev'a  data  [1],  the  coefficient 
of  static  friction  of  ice  against  smooth  steel  varies  within  the  range 
f  =  0.15  to  0.20  and  the  coefficient  of  kinetic  friction  f  f  0.10  to 
0.15.  The  coefficinnt  of  static  friction  depends  on  t^e  magnitude  of  the 
load.  When  the  specific  pressure  increases  to  1.3  t/m  ,  this  coefficient 


-8- 


becomes  equal  to  the  coefficient  of  kinetic  friction  and  does  not  vary 
with  any  subsequent  load  increases.  The  coefficient  of  friction  depends 
substantially  on  the  condition  of  the  ship's  plating:  it  increases  to 
f  =  0.35  to  0.40  for  painted  steel.  Inasmuch  as  side  plating  in  the  ef¬ 
fective  waterline  area  js  practically  always  glazed  with  ice  and  pressure 
is  greater  than  1.3  t/m  as  a  rule,  we  shall  assume/^  =  0.15  as  the  value 
of  the  coefficient  of  friction  in  the  future. 

Table  1  presents  the  values  of  physical  and  Mechanical  characteris¬ 
tics  of  ice  which  will  be  assumed  as  initial  design  magnitudes  in  future 
discussion  of  the  material. 


Table  1 


Physica 

1  and  me chan 

ical  characteristics  of  ice. 

1  Bsju* 

JlbJU 

XapaK-rcp 

A  npaaoxeHHa 
HarpyjKa 

3  XapaKTepBCTHKH  AM 

m 

6  •». 
m/i* 

7  V 

m/M • 

CoMHUft 

410* 

125—270 

90-100 

a 

0,34 

0apKTvie~ 

ckhA 

yjWB  0  AbAHHy 
10 

3-10* 

350-600 

90-100 

0 

69 

11 

npecaufi 

.  12 

Cxane  bo  abjux 

610* 

120-130 

-  60 

0,94 

13 

y*ap  0  JikAHHy 

5- 10» 

120^130 

— 

0.34 

1-types  of  ice;  ,,2-nature  o£  load  application;  3-ice2characteris- 
tics;  4-E  t/m  ;  5-G  c ,  tm  ;  6-0^,  t/m  i  7-T  ,  t/m  ;  8-Arctic 

salty;  9-compressed  in  ice;  10-impact  against  floe;  11-fresh; 
12-compressed  in  ice;  13-impact  against  floe. 


2.  Sailing  Conditions  for  Ships  in  Ice. 

Characteristic  sailing  conditions  for  ships  in  ice  are: 

continuous  movement  in  compact  ice; 

breaking  ice  by  charging; 

movement  in  a  lane  behind  an  icebreaker; 

movement  in  drift  ice; 

compressed  in  ice. 

Continuous  movement  in  compact  ice.  This  is  a  characteristic  con¬ 
dition  for  icebreakers  and  partially,  for  ships  active  in  sailing  in  ice. 
The  stability  of  continuous  movement  for  each  specific  ship  depends  on 
the  thickness  and  strength  of  the  ice  cover.  During  continuous  movement, 
the  ship's  hull  contacts  the  ice  and  due  to  the  icebreaker  form  of  bow 
lines,  crushes  the  ice  by  bending  which  results  from  vertical  stresses. 


-9- 


Absence  of  ice  damages  to  ships'  hulls  during  continuous  m<>. orient  m  com¬ 
pact  ice,  testifies  to  the  fact  that  the  ice  loads  are  relaii  ••  i  s.nall  and 
cannot  be  used  as  design  loads  when  designing  hull  structures 

Breaking  ice  by  charging.  Breaking  ice  by  chargino  i*-  ;•  '  h  it  acteris- 
tic  operating  condition  for  an  icebreaker  when  it  is  uuai  le  to  pesi  through 
the  ice  with  continuous  movement.  The  greatest  ice  load"  .  i  -a--!,  an 
icebreaker  which  has  hit  the  ice  does  not  fracture  it  an  i  on ! .  n  il 
crushing  of  the  edge  of  the  ice  field  occurs.  With  all  n  V  •  'iticns 
equal,  the  magnitude  of  ice  loads  will  depend  on  the  spc  -.j  e- 

breaker  at  the  moment  it  hits  the  ice. 

Movement  it;  a  lane  behind  an  icebreaker.  This  ia  ■  .sic 

conditions  for  ships  being  led  by  an  icebreaker.  In  fh,  ;•  a.  the 

ship's  hull  is  subjected  to  impacts  against  broken-ofi  p>  •  >:  i;.o  floes 

which  fill  the  lane  as  well  as  against  the  sides  of  the  t-wa  .  j*.  the  lat¬ 
ter  case,  ice  stresses  will  be  great.  This  is  confirm  .!  :  >  suf¬ 
fered  by  ships  in  contact  with  the  edge  of  an  unbroker  i.  . 

Ship's  movement  in  drift  ice.  This  sailing  corMltioi  ’  em  ac teris- 

tic  for  icebreakers  and  all  categories  of  ice  ships.  When  .  ..re  sailing 

in  large  fields  of  drift  ice,  ice  loads  will  be  similar  hirh  oc¬ 

cur  when  a  ship  hits  an  ice  field.  Sailing  in  open  path  i  e  >  •  i  •_ ompanied 
by  periodic  impacts  of  the  hull  against  individual  f  :  j.itude 

of  ice  loads,  in  tins  case,  will  depend  on  the  floe  size,  me  j,..  thickness 
and  strength  and  the  ship's  speed. 

Ship  under  ice  compression.  A  ship  can  undergo  ice  conpi ess  ion  during 
which  the  midsection  of  a  ship  having  a  relatively  small  a  lope  to  its  side 
or  a  vertical  side,  experiences  considerable  pressure  from  the  ire.  Ice¬ 
breakers  and  ice  cargo  ships  may  be  subjected  to  compression.  he  intensity 
of  compressive  stresses  depends  on  the  slope  of  the  ship’s  sip.,  as  well 
as  on  the  thickness  and  strength  characteristics  of  the  i 

Thus,  when  calculating  design  ice  loads  which  act  on  a  hull,  the 
following  cases  of  interaction  between  a  ship  and  ice  which  are  characteris- 
tic  for  all  ships  sailing  in  ice,  should  be  considered: 

ship  striking  an  individual  ice  floe; 

ship  striking  the  edge  of  m  ice  field  (impact  when  breaking  ice 
by  charging  and  contact  with  edge  of  lane); 

ship  under  ice  compression. 

The  magnitude  of  ice  loads  in  each  of  the  cases  consitlo! od  will 
depend  on  the  ship's  speed,  displacement  and  hull  lines  ami  i  In-  physical 
and  mechanical  characteristics  of  the  ice.  Moreover,  the  ice  load  oc- 
curing  as  a  result  of  a  ship's  striking  ice, should  be  used  as  the  design 
load  for  the  bow  and  stern  and  the  load  resulting  from  ice  compi  <>ss j on 
on  a  ship,  should  be  used  for  the  midsection. 
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3.  Interaction  between  a  Ship's  Hull  and  the  Ice* 

Considerable  stresses  causing  straining  and  failure  of  ice,  can  occur 
in  the  contact  zone  between  a  ship's  side  and  ice.  The  uagnitude  of  these 
stresses  varies  substantially  for  dyn&aic  and  static  conditions.  The  inter¬ 
action  between  a  ship's  hull  and  ice  is  investigated  in  this  work  on  the 
basis  of  the  general  theory  of  tangency  of  two  solid  bodies  [25].  The 
surface  hardness  of  ice  is  considerably  less  than  the  surface  hardness  of 
steel.  Therefore,  the  shell  plating  can  be  considered  to  be  a  smooth, 
absolutely  rigid  surface  when  it  contacts  ice.  The  surface  of  the  ice's 
edge  is  usually  uneven.  These  irregularities  can  be  broken  down  into 
three  groups  according  to  size. 

Saall  projections  of  a  floe's  edge,  on  the  order  of  several  hundred 
centimeters  high,  cone  into  contact  with  the  ship's  side  first.  Thus, 
at  first,  the  ship's  side  cones  into  contact  with  the  ice  in  separate  sec¬ 
tors.  The  total  area  of  these  sectors,  the  so-called  contour  area  F  ,  is 
considerably  snaller  than  area  F  which  is  defined  as  the  locus  of  a¥l  of 
the  possible  contact  spots.  The  average  pressure  on  the  side  P  is  con¬ 
siderably  less  than  the  contour  pressure  p  and  in  this  case,  cannot  be 
considered  as  the  design  pressure  for  external  shell  plates. 

In  the  second  stage,  relatively  large  irregularities  on  the  order 
of  one  to  two  frane  spacings,  cone  into  contact.  In  this  case,  the  edge 
cnuqiles  over  the  entire  contact  area,  i.e.,  F  =  F  and  the  average  pres¬ 
sure  equals  the  contour  pressure  and  is  the  design  pressure  for  the  shell 
plating. 

In  the  third  stage,  after  all  of  the  irregularities  of  the  edge 
have  been  crushed,  the  area  of  the  contact  zone  depends  primarily  on  the 
general  outline  of  the  ice's  edge  in  the  plane  and  the  shape  of  the  ship's 
waterline  in  the  contact  area.  The  total  contact  stresses  proportional 
to  this  area  are  the  design  stresses  for  the  side  framing,  transverse  bulk¬ 
heads,  decks  and  platforms.  These  stresses,  besides  causing  local  failure 
of  the  edge,  induce  a  general  strain  in  the  ice  cover.  The  ice  can  also 
fail  from  bending  or  shearing  or  by  the  ice  plate  losing  its  stability 
before  the  contact  pressure  reaches  its  maximum. 

Thus,  either  the  value  of  the  stresses  which  fracture  ice  covers 
or  an  individual  floe,  or  the  maximum  contact  pressure  value,  if  general 
failure  of  the  ice  does  not  occur,  should  be  assumed  as  design  ice  loads. 

When  analyzing  the  process  of  a  collision  of  a  ship  with  ice,  one 
can  proceed  from  the  proposition  concerning  the  equality  of  contact  pres¬ 
sures  to  the  local  ultimate  crushing  strength  of  ice  as  the  majority  of 
researchers,  and  specifically  L.  M.  Nogid  [33] »  do.  An  effective  value 
for  0  ,  depending  primarily  on  the  speed  of  collision,  should  be  assumed 
for  hfgh  speeds  of  interaction.  When  there  is  short-term  interaction  be¬ 
tween  a  ship  and  ice,  tie  magnitude  of  the  ultimate  crushing  strength  of 
the  ice  is  not  maximum  and  can  be  considerably  exceeded  [15]. 
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As  is  known,  if  a  solid  body  penetrates  a  crystal!  i  sutst  nt;  upon 
impact,  movement  will  continue  until  the  contact  pressure  p  c\rt-«  !s  the 
ultimate  pressure  p^,  necessary  to  fracture  that  substance 


P  £  Pb  =  *Pef » 

where  p  is  compactness; 

e  is  tp";- 5 r ic  failure  energy; 

k  is  a  numeral  coefficient,  depending  on  the  physi<-  ■  h. uioal 

characteristics  oi  the  failing  substance. 

The  penetrating  body  stops  when  p  =  p^.  The  may.ii;:  ,  .at;  he 

assumed  to  equal  the  local  ultimate  crushing  strengtl  «>t  ti-  <■  5  in  » he 
first  approxima t ion. 

Jhe  magnitude  of  specific  failure  energy  can  be  v.r  form 

e  _  =  a-  '2  where  a  is  the  critical  penetration  speed.  <  i  ...... iy 

f  c  r  cr 

fracturing  will  have  already  ceased  before  the  body  crcv.-  <.0  <>  rr>leLe 
stop,  at  the  moment  when  the  penetration  speed  becomes  equ.J  '  >  t  :■■>.*  criti¬ 
cal  penetration  speed 

a 

cr 

A  met  in,;  body  with  mass  M  maintains  a  certain  nioi.it  nr  j„--.  uefore 

coming  to  a  stop.  This  will  be  transmitted  to  the  ice  in  the  form  of  elas¬ 
tic  strains.  Thus,  an  impact  with  penetration  cannot  be  considered  as  a 
completely  plastic  impact.  The  last  phase  of  the  impact  is  always  the 
elastic  phase.  Therefore,  the  coefficient  of  restitution  must  dilfer  from 
zero  somewhat.  When  there  is  an  elastic  impact,  pressure  in  the  contact 
zone  is  determined  by  the  formula 


P  =  os  C,  (3.1) 

s 

where  0  is  the  ice  compactness; 

S  is  the  r.peed  of  sound  in  the  ice; 

£  is  the  speed  of  surface  displacement  (side  of  the  sh ip;  in  the 
zone  of  contact  with  the  ice. 


At  the  initial  moment  of  the  elastic  phase  of  the  inp-•^c•, 


a 

c 


from  which,  considering  that  S 

S 


where  E  is  the  modulus  of  normal  ice  elasticity. 


Giriag  heed  to  all  of  the  aforesaid,  the  contact  pressure  Magnitude 
can  be  found  from  a  physically  tenable  collision  Model.  Actual  observa¬ 
tions  show  that  the  i^sct  of  a  ship  against  the  ice's  edge  causes  crushing 
to  a  considerable  depth  (up  to  several  tens  of  cent i Meters )  and  fractured 
ice  presses  up  to  the  surface  in  the  fore  of  finely  broken  cruebs. 

The  pressing-up  of  the  broken  ice  in  the  contact  zone,  Makes  it 
possible  to  assume  that  sooe  interstitial  layer  of  finite  thickness,  foneed 
between  the  absolutely  rigid  coapactness  of  the  side  and  the  unfractured 
Mass  of  crystalline  ice,  exists.  Three  sequentially  disposed  zones  can 
be  isolated  by  analyzing  the  structure  of  this  layer. 

In  solid  bodies,  failure  is  associated  with  the  formation  of  discon¬ 
tinuity  surfaces  along  one  side  of  which  the  Material  is  still  an  elastic 
solid  body  and  along  the  other  side,  it  can  be  considered  as  a  viscous 
fluid.  A  siailar  situation  evidently  takes  place  when  a  ship  hits  the 
ice.  A  discontinuity  surface  moves  in  front  of  the  compactness  of  the 
side  of  the  ship,  penetrating  the  ice.  All  other  conditions  being  equal, 
(mass  of  the  impacting  body,  its  speed,  etc.),  the  distance  between  these 
surfaces  depends  on  the  physical  and  mechanical  properties  of  the  ice. 

The  thickness  of  the  transition  zone  is  small  [29].  Therefore,  in  the 
future,  it  '.an  be  considered  as  a  two-dimensional  bounding  surface.  Elas¬ 
tic  compression  can  be  disregarded  in  the  plastic  phase  of  impact;  then, 
particles  disposed  on  the  bounding  surface  will  not  move  along  the  normal 
to  the  surface.  As  a  second  boundary  condition,  the  tangential  speed  com¬ 
ponent  can  be  assumed  to  equal  zero. 

A  zone  filled  with  fractured  and  melted  ice  crystals  follows  this 
surface  and  can  be  interpreted  as  a  viscous  fluid  layer.  The  thickness 
of  this  layer  6  must  be  sufficiently  large  for  the  fractured  material  to 
press  up  to  the  sides.  The  magnitude  of  the  coefficient  of  internal  fric¬ 
tion  1)  in  the  layer,  depends  on  the  ice  composition,  structure  and  tempera¬ 
ture.  This  coefficient  can  be  considered  as  a  physical  and  mechanical 
constant,  subject  to  experimental  determination. 

Jt 

Complex  friction  processes  develop  in  the  layer  directly  adjoining 
the  side  of  the  ship.  The  structure  of  this  layer  depends  on  the  direc¬ 
tion  of  impact.  When  there  is  a  central  impact,  friction  between  the  side 
and  the  broken  layer  can  be  considered  "dry."  When  there  is  a  glancing 
impact,  the  boundary  layer  is  in  a  melted  state,  primarily  because  the 
work  of  the  driving  forces  overcoming  the  friction  is  converted  to  heat 
(self-lubrication  of  ice,  see  [48]).  This  layer  can  also  be  considered 
as  a  two-dimensional  bounding  surface  on  which  the  normal  velocity  com¬ 
ponent  of  the  ice  particles  will  equal  the  velocity  of  displacement  of 
the  side  £  in  the  direction  of  the  normal,  regardless  of  the  presence  or 
absence  of  frictional  forces.  The  second  boundary  condition  will  be 
different  for  glancing  and  central  impacts.  With  a  glancing  impact  and 
formation  of  a  fluid  layer,  the  coefficient  of  friction  is  small  ( /  = 

=  0.03  to  0.06,  [5]).  In  this  case,  it  can  be  assumed  that  ice  particles 
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will  not  adhere  to  the  surface  of  the  side  and  consequently,  shear  stress 
will  equdl  zero. 

When  there  is  a  central  ispact  without  sliding,  a  fluid  layer  does 
not  fora.  This  provides  basis  for  assuming  the  tangential  speed  component 
equal  to  zero. 

The  process  of  pressing  out  the  fractured  ice  can  be  mathematically 
described  by  considering  the  movement  of  the  interstitial  viscous  layer, 
taking  into  account  the  above-established  conditions  on  bounding  surfaces. 
For  this,  the  problem  of  convergence  of  two  surfaces  with  expulsion  of  a 
thin  layer  of  viscous  fluid  from  the  space  between  then,  one  of  the  sur¬ 
faces  being  a  discontinuity  surface,  should  be  solved.  At  each  considered 
moment  of  time ,  the  velocity  of  their  convergence  must  be  assumed  to  be 
constant  and  equal  to  £. 

Reynolds  has  already  obtained  the  solution  to  an  analogous  problem. 
For  simplicity,  we  shall  also  consider  a  two  dimensional  problem,  i.e., 
we  shall  assume  that  motion  occurs  only  in  a  plane  normal  to  the  surface 
of  the  side  at  the  point  of  ispact  (Figure  1). 


Figure  1.  Formation  of  interstitial  layer  when  a  ship's  side 

contacts  ice.  a-ship's  side;  b-ice  (remainder  as  is). 

In  the  first  approximation,  the  thickness  of  the  interstitial  layer 
e  may  be  considered  as  being  independent  of  coordinate  x.  Motion  of  the 
particles  in  this  layer  is  symmetric  relative  to  axis  Oy,  and  in  view  of 
the  small  thickness  of  the  layer,  is  basically  directed  along  axis  Ox,i.  e. , 
v  »v  .  In  this  case,  Reynold's  generalized  equation  for  a  thin  layer 
can  beyused  [44] : 
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(3.2) 


1  .  dp 

=  T)  dx 

dp  a  0 
dy 

and  the  discontinuity  equation 

dv  dv 

*  +  _JL 
dx  dy 

Here.  (0  is  the  average  acceleration  throughout  the  thickness 
of  the  layer, 

e 

1  f*  ,  dv  dv  , 

w  =  r*  (  v  _ x  +  v  _ y  )  dy. 

av  C  J  x  r -  y  r  J 

0  dy  Ox 

The  solution  of  these  equations  for  conditions  corresponding  to  the 
adhesion  of  particles  to  both  bounding  surfaces  is  known  [44].  On  sur¬ 
face  y  =  0  v  =_  v  =0,  and  on  the  surface  of  the  ship's  side  y  =  e  v  = 

=  0  and  vy  =  -  £.y  This  corresponds  to  an  impact  against  ice  without  shearing 
strain.  In  this  case,  pressure  in  the  layer  will  be 


+  L 
T) 


U)  , 

av 


-  n. 


*2 

o  v 

s# 


p  -  **)  (tj  +  0.2f*c).  (3.3) 

where  c  is  the  width  of  the  crushing  zone. 

In  this  expression,  the  term  0.2  p  (  (  takes  the  quadratic  inertial 
terms  into  consideration  and  does  not  depend  on  viscosity.  When  the  values 
of  e  are  small,  the  effect  of  this  term  on  the  final  result  is  small. 
Therefore,  it  can  be  assumed 

If  the  fluid  lubricating  layer  is  taken  into  consideration,  Reynold's 
generalized  equation  should  be  solved,  giving  attention  to  the  zero  value 
of  shear  stresses  along  the  bounding  surface  y  =  e.  Then , pressure  in 
the  layer 


P 


-f  • -V  ( -n  +  0'Sp.c)  X 


Without  considering  the  quadratic  term 


(3.5) 
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Comparing  (3*5)  with  (3.4) ,  we  note  that  the  fluid  lubricating  layer 
reduces  the  contact  pressure  four  times ,  In  general,  it  can  be  assumed 


(3.6) 


where  k  is  a  numerical  coefficient  determined  by  experimentation. 

c  c 

Integrating  (3*6)  along  coordinate  x  in  a  range  from  -  _  to  _  , 
we  obtain  an  expression  for  the  intensity  of  the  linear  ice  2  2 

load,  set  to  the  unit  of  contact  zone  length, 

o  =  (3.7) 

6 

The  width  of  the  crushing  zone  c  depends  on  the  depth  to  which  the 
edge  crushes  £  and  the  shape  of  the  floe  crons  section  (Figure  2).  Inasmuch 
as  the  second  and  third  stages  of  impact  are  being  considered,  when  small 
protrusions  are  already  crushed,  the  outline  of  the  floe  edge  can  be  con¬ 
sidered  to  be  formed  by  straight  lines.  In  a  general  case,  the  generating 
line  of  the  floe's  lateral  face  can  be  vertically  inclined  at  an  arbitrary 
angle  a. 


Figure  2.  Ship's  side  crushing  the  ice's  edge,  a-ship's  side; 
b-ice. 


As  follows  from  Figure  2, 


C  =  BN 


Ccoia 

co»p»ln(a  +  fi)  ’ 


(3.8) 


where  0  is  the  vertical  slope  of  the  ship's  side. 

Sometimes,  crushing  can  occur  throughout  the  entire  thickness  of 
the  ice’s  edge  h.  The  maximum  depth  of  crushing  in  this  situation  is 
determined  by  the  formula 

r  _  h  ?in  Ig  .f  11 

'"max  '  cos  a 
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Observations  show  that  crushing  over  the  entire  thickness  of  the 
ice,  practically  never  occurs.  The  Magnitude  of  ange  a  is  usually  small 
and  in  future  calculations  will  be  disregarded.  Contact  of  a  ship's  side 
over  the  entire  thickness  of  the  ice  can  take  place  when  there  is  a  glancing 
impact  of  the  midsection  of  a  ship  having  vertical  sides  against  the  ice. 
However,  such  a  case  of  impact  is  not  computed  for  this  area;  therefore, 
in  the  future,  we  shall  consider  crushing  of  the  edge  through  only  part 
of  the  floe's  thickness,  not  examining  the  condition  Q  <  Q  max. 

Setting  value  c,  determined  by  (3*8)  in  expression  (3.7),  and 
assuming  angle  a  =  0,  we  obtain  a  formula  for  computing  the  intensity  of 
a  linear  ice  load 


*  CC» 

6  iIn*Pco»*p 


(3.9) 


Coefficient  k,  depending  on  thickness  6  and  viscosity  1]  of  the  in¬ 
terstitial  layer  is  entered  in  expression  (3*6)  and  (3.9).  The  numerical 
values  of  1]  and  6  can  be  determined  by  actual  experiment  results.  In  doing 
this,  it  is  necessary  to  measure  the  average  values  of  these  parameters 
for  various  ice  types  corresponding  to  the  characteristic  ice  conditions 
for  the  given  navigation  area.  Until  such  experiments  are  formulated,  use 
of  the  obtained  dependencies  for  estimating  contact  pressure  will  have 
a  conditional  nature i 


Expressions  (3.6)  and  (3*9)  ere  valid  when  the  velocity  of  inter- 
action^of  the  ship's  side  with  the  ice  is  greater  than  the  critical  speed, 
i.e.,  Q  a  .  With  lesser  velocities,  contact  pressures  equal  the  ulti¬ 
mate  crushing  strength  of  ice.  The  velocity  of  penetration  of  the  ship's 
side  into  the  edge  of  the  ice  cannot  exceed  v  I  ,  where  v  is  the  ship's 
forward  motion  and  l  is  the  cosine  of  the  angle  between  the  normal  to 
the  side  at  the  point  cf  impact  and  the  direction  of  the  ship's  movement.. 
The  value  is  within  the  range  0.8  to  1.0  m/sec. ,  and  the  magnitude 
usually  does  not  exceed  0.2  to  0.3.  Thus,  for  actual  velocity  of  ships 
in  ice,  a  simplified  hypothesis,  assuming  contact  pressures  to  equal  the 
effective  value  of  the  ice's  ultimate  crushing  strength,  will  be  used  in 
most  cases.  (See  1.). 


It  should  be  noted  that  determination  of  the  design  magnitude  of 
total  contact  stresses  depends  little  on  the  nature  of  the  statements  ac¬ 
cepted  concerning  the  magnitude  of  contact  pressures.  Actually,  regardless 
of  the  impact  nature,  the  total  contact  stress  P  is  determined  from  the 
condition 


M 


red 


Av  =  Pt, 


where  M  , 

.  .  red 
Av 


t 


is  the  ship's  reduced  mass; 

is  the  loss  of  velocity  in  the  direction  of  impact; 
is  collision  time. 
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Any  hypothesis  which  reduces  to  a  physically  probable  collision  time, 
makes  it  possible  to  determine  the  total  stress  value  P  with  a  sufficient 
degree  of  accuracy. 

4.  Nature  of  Ice  Cover  Strains. 

In  the  process  of  interaction  between  a  ship's  hull  and  ice,  a  general 
strain  occurs  in  the  ice  cover,  determined  by  the  magnitude  and  nature  of 
distribution  of  contact  stresses.  If  the  ice  field  fails  at  this  time, 
the  maximum  magnitude  of  contact  stress  acting  on  the  hull  will  equal  the 
force  fracturing  the  ice  cover.  If  the  ice  cover  does  not  fail,  the  magni¬ 
tude  of  the  contact  stress  is  determined  not  only  by  local  crushing  of  the 
edge,  but  also  by  bending  of  the  ice. 

The  ice  cover's  state  of  stress  depends  on  the  vertical  slope  of  the 
ship's  side  0.  If  the  ship's  side  is  vertical,  contact  stresses  act  in 
the  plane  of  the  ice  cover.  In  this  case,  the  ice  plate's  plane  stale  of 
stress  should  be  considered.  If  the  side  is  inclined,  the  vertical  com¬ 
ponent  of  contact  stress,  P  =  P  sin0 ,  and  the  horizontal  component,  P  = 

P  cos0 ,  cause  unsymmetrical  bending  of  the  ice  cover  (Figure  3)> 

Ice  cover  is  usually  considered  as  a  plate  resting  on  a  hydraulic- 
type  flexible  foundation  when  computing  bending  of  an  ice  cover.  When 
doing  this,  the  strains  and  stresses  in  the  ice  cover  are  aetet mined  by 
applying  the  theory  for  bending  of  thin  plates,  i.e.,  the  following  equa¬ 
tion  is  considered 

Dy*w  +  fgw  =  q+  q*,  (4.1) 


where  D  - 
og  - 
<u(x,y)- 
9(x,y  )- 
9 *(x,y)- 


is  the  flexural  stiffness  of  the  plate; 
is  the  density  of  water; 
is  deflection  of  the  plate; 

is  an  external  load,  directed  along  a  normal  to  the  ice  surface; 
is  the  effective  load  caused  by  axial  forces  T  and  T  and 
tangential  forces  S  =  S  ,  acting  on  the  middle  ofythe  plate's 
surface :  ^ 

dhu 


(4.2) 


Figure  3*  Resolution  of  contact  stresses  in  vertical  and 
horizontal  components,  a-ship's  side;  b-ice. 
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When  determining  flexural  etiffnese  of  an  ice  plate  D,  reduced  valuea 
of  the  physical  and  mechanical  characteristics  of  ice,  defined  as  integrals, 
according  to  the  thickness  of  the  plate  h  [26,  30],  should  be  assumed  as 
design  values.  For  ice  in  which  Poissta's  ratio  |i  changes  little,  the  usual 
formula  is  valid 


D 


Eh 


12  (1  -  |i  ) 


I 


where  E  -  is  the  reduced  value  of  the  modulus  of  elasticity. 

Equation  (4.1)  is  only  valid  when  there  are  average  (moderate)  veloci¬ 
ties  of  interaction.  If  the  external  load  action  time  is  great,  the  ice 
plate  should  be  considered  as  a  viscous-elastic  plate.  If  the  load  action 
time  is  small ,  for  example  during  an  impact ,  it  is  necessary  to  take  the 
inertia  of  the  ice  mass  and  the  hydrodynamic  water  pressure  field  into 
consideration. 

When  there  is  prolonged  external  load  action,  ice  manifests  its 
plastic  properties  to  a  significant  degree  and  deflection  of  the  ice  slab 
increases  with  the  passage  of  time,  the  velocity  tf  the  deflection  in¬ 
creases  ,  being  a  linear  function  of  the  magnitude  if  force  P  [50].  At  the 
same  time,  the  magnitude  of  ultimate  fracturing  stress  depends  little  on 
time  in  actual  cases  of  interaction  of  a  ship's  hull  and  ice.  As  V.  I. 
Kashtelyan  [21]  showed,  the  ultiaute  concentrated, vertical  stress  applied 
to  the  edge  of  a  semi-infinite  ice  plate  is  determined  by  the  formula 

Pfr.c  '  °'52  %  ^ '  <4'  3) 

where  a  -  is  the  ice's  ultimate  bending  strength; 
n  -  is  the  thickness  of  the  ice  cover. 

Actually,  contact  stress  is  applied  for  some  finite  length  b  along 
the  edge  of  the  ice  cover.  When  b  ^  (5  to  7)  h,  the  total  fracturing  stress 
is  practically  independent  of  the  length  to  which  the  load  is  applied. 

In  connection  with  this,  ice  fracturing  stress  can  be  written  in  the  fol¬ 
lowing  form  for  hull  areas  where  the  length  of  the  contact  zone  between 
the  ship  and  ice  is  relatively  small  (areas  outside  of  the  parallel  mid¬ 
dle  body ) : 


Pf  rac  =  I  *db* 
rrac  (^b) 

When  there  is  brief  ice  load  action,  when  a  ship's  extremities 
>it  the  ice  for  example,  calculation  of  the  inertial  mass  forces  of  ship 
and  ice,  as  well  as  the  hydrodynamic  pressure  of  the  water,  become  quite 
significant.  In  this  case,  the  equation  for  dynamic  bending  of  a  plate 
and  the  Laplace  equation  for  liquid  velocity  potential  must  be  solved 
concurrently.  Moreover,  it  is  necessary  to  satisfy  consistency  of  conditions 
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at  the  aurface  where  ice  and  water  separate  and  at  the  bottom  of  the 
water  expanse,  and  the  boundary  conditions  at  the  edge  of  the  plrte. 

The  exact  solution  to  this  problem  for  concentrated  st»e*«  which  de¬ 
pends  arbitrarily  on  the  time,  was  obtained  in  work  [49] .  Elas^v  deflec¬ 
tion  of  a  plate  is  determined  by  the  formula  u>  =  U)  -  where  the  dynamic 
component  of  deflection  au^O  for  sufficiently  long  "actions  ,vs<l  ;■  ■  «*  x 
when  t40.  Thus,  when  there  is  dynamic  load  action,  the  flexutai  yielding 
of  a  floating  ice  plate  decreases. 

As  actual  observations  show,  the  shapes  of  floes  b>-oker>  off  by  a 
hull  are  practically  the  sane  as  those  occurring  when  a  semi  .infinite 
floating  plate  which  is  loaded  with  a  concentrated  stress,  or  a  stress 
on  some  length  of  its  edge,  fails.  When  a  ship  travels  at  low  speed  in 
ice  or  when  there  is  ice  compression,  the  sizes  of  broketi-off  segments 
will  correspond  to  the  sizes  of  segments  computed  by  the  theory  of  plas¬ 
tic  bending  of  a  plate  on  a  flexible  foundation  [see  equal ior  [4.11 j.  Obser¬ 
vations  show  that  when  a  ship  is  traveling  at  high  speed  ana  ice  loads 
take  on  a  dynamic  nature,  the  size  of  these  segments  is  considerably  re¬ 
duced.  This  gives  evidence  of  a  change  in  the  general  nature  of  ice  cover 
strain. 


Maximum  contact  stresses  during  impact  will  be  attained  if  the  ice 
plate  does  not  fail,  i„e. ,  when  its  thickness  and  strength  are  adequate. 

At  the  same  time,  deflection  of  the  plate  will  be  small  in  comparison  with 
the  crushing  of  the  edge  because  of  the  dynamic  nature  of  the  load  on  one 
hand,  and  the  high  degree  of  rigidity  of  the  plate  on  the  other.  Thus, 
when  determining  the  magnitude  of  design  impact  loads,  erring  on  the  side 
of  providing  a  margin  of  safety,  may  not  take  into  consideration  the  flexural 
yielding  of  the  ice  plate  by  assuming  the  plate’s  thickness  to  he  extremely 
great. 


When  there  is  ice  compression  on  ships  with  vertical  sides  and  a 
parallel  middle  body,  strain  in  an  ice  cover  loaded  with  horizontal  stresses 
should  be  considered  as  being  distributed  along  the  edge  of  the  ire  plate. 
Observations  bear  this  out.  A  picture  of  relatively  thin  ice  failing  in 
this  case, gives  witness  to  the  loss  of  the  ice  plate's  stability. 


For  elastic  plates  lying  on  a  flexible  foundation,  Euler's 
concentrated  force  is 


PEU  -  4'23 


loa  cl  for 


(4.4) 


and  for  a  load  distributed  along  a  considerable  length  of  the  edge, 

?  1 

EU  “ 

where  Y  -  is  the  density  of  water; 

D  -  is  flexuia!  stiffness  of  the  ice  plate. 
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For  prolonged  loads,  which  include  ice  co^trssssion  loads,  the  plas¬ 
tic  properties  of  ice  should  be  taken  into  consideration.  As  indicated 
above,  the  relationship  between  strain  velocity  and  ice  stresses  is  non¬ 
linear.  In  this  case,  the  relation  pct/  PEy  depends  on  the  effective  period 
of  the  load  [51].  If  it  is  short,  the  Magnitude  of  the  critical  stress 
Pcr  equals  Euler's  stress.  For  prolonged  ice  load  action,  the  ratio  Pcr/ 
p'  decreases.  Subsequently,  we  shall  allow  for  the  decrease  in  the  Magni¬ 
tude  of  critical  stress  by  substituting  the  conditional  static  values  for 
the  Modulus  of  elasticity  E  «  E  presented  in  1.,  into  foraulas  (4.4) 
and  (4.5)  for  Euler's  loads.  eia 
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CHAPTER  II 


CALCULATING  THE  MAGNITUDE  OP  STRESSES  OCCURRING  WH>.N  A 
SHIP  STRIKES  ICE  AND  DURING  ICE  COMPRESSION 


Calculating  Mo went  if  and  Reduced  Masses  When  a  Shi; 
Strike*  the  Ice. 


To  calculate  the  magnitude  of  stresses  which  occur  when  ship 
strikes  ice,  it  is  necessary  to  make  a  preliminary  calculaiiai.  o  the 
values  of  the  reduced  (to  the  line  of  impact)  masses  and  velocities,  of 
the  ship  and  ice  floe.  These  values  can  be  determined  by  solving  the 
problem  of  the  collision  of  two  .bodies  £38]*  for  which  we  she1 1  "/ike 
the  following  assumptions: 

1.  the  ship  shall  be  considered  as  a  solid  body,  symmetric  re¬ 

lative  to  the  longitudinal  plane  and  transverse  plane  of  the  ship's 
center  of  gravity.  Coordinate  axes  O^x  ,0^  Yj  and  O^z^  which  -re  rela¬ 
tive  to  the  ship  and  disposed  so  that  tneir  origin  coincides  with  the 
center  of  gravity  0  (axia  0  Xj  points  to  the  bow,  axis  O^y ^  points 
starboard  and  axis  points  upward),  will  be  the  principal  central 

axes  of  the  ship's  inertia  (Figure  4); 

2.  the  ice  floe  shall  be  assumed  to  be  circular  and  its  thickness 
small  in  comparison  with  its  expanse;  coordinate  axes  0  *2,  (>2'°  and 

are  the  principal  central  axes  of  inertia  relative  to  the  ice  floe. 
Tne  shape  of  the  floe  is  taken  as  circular  for  sake  of  simplicity  in 
computing  its  apparent  masses; 

3.  water  resistance  forces  resulting  from  translation  of  the  ■ 
ship  and  ice  floe  during  the  impact  are  small  in  comparison  with  contact 
stresses.  This  is  confirmed  by  results  of  theoretical  research; 


Figure  4.  Diagram  of  a  ship's  striking  an  ice  floe. 

4.  translations  of  the  ship  and  ice  floe  during  the  impact  pro¬ 
cess  are  small  and  only  a  change  in  velocities  of  the  ship  ml  j  e  floe 
occur  as  a  result  of  the  collision; 


5*  frictional  forces  do  not  exart  a  substantial  influence  on 
the  Magnitude  of  ice  loads  and  can  be  disregarded.  In  this  case,  the 
direction  of  the  momentum  effect  coincides  with  the  direction  of  the 
nonsal  N  to  the  surface  of  the  colliding  bodies; 

6.  yielding  of  the  ship's  side  is  disregarded  and  the  iapact  of 
a  ship  against  an  ice  floe  is  considered  as  an  inelastic  i^wct  inasmuch 
as  crushing  of  the  ice  occurs  during  iapact.  In  consequence,  the  coef¬ 
ficient  of  restitution  <  =  0. 


Vith  an  elastic-plastic  iapact  which  is  accompanied  not  only  by 
crushing  of  the  ice  but  also  by  bending  of  the  floe,  the  coefficient  of 
restitution  (  also  equals  zero  during  the  first  half  of  the  iapact  when 
the  contact  stress  grows  froa  zero  up  to  its  aaxiaua  value  —  the  initial 
value  for  deteraining  ice  loads; 


7.  before  striking  against  an  ice  floe  or  the  edge  of  an  ice  field, 
the  ship  aoves  forward  at  a  speed  of  v  in  the  direction  of  axis  Or  and 
the  ice  floe  is  iaaobile. 


The  following  synbols  will  be  used  when  solving  the  problea: 


length  of  ship; 
breadth  of  ship; 
draft  of  ship; 
height  of  ship's  side; 
block  coefficient; 

coefficient  of  fineness  of  waterline; 

coefficient  of  fineness  of  bow  section  of  waterline; 

slope  of  ship’s  side  at  iapact  point; 

length  of  bow  section  of  parallel  body; 

mass  of  ship; 

mass  of  ice  floe; 

radius  of  ice  floe; 

impact  momentum; 

coordinates  of  impact  point  on  ship; 
coordinates  of  impact  point  on  ice  floe; 


moments  of  inertia  of  ship's  mass  relative  to  main  central 
axes  OjXji  O^y^;  O^z^; 


I  ,  I 
x2  Y2 
.1 


Z2  -  moments  of  inertia  of  ice  floe’s  mass  relative  to  axes 

°2V  °2y2’  °2Z25 


V  V 

gjj  -  projections  of  velocity  of  ship's  center  of  gravity  along 
coordinate  axes  0^  x^,  O^y^,  after  impact; 
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*2*  "2’ 


Vylnl 


-  projections  of  velocity  of  center  of  gravity  of  ice  floe 
•long  coordinate  axes  02*2*  °2  *2  t((>r  iepact  (u2  =  0), 

-  projections  of  angular  velocity  vector  of  ship  along  coordinate 

axes  after  iapact; 

-  angular  velocity  of  ice  floe  after  inpact  (p2=r2*0); 

-  cosines  of  angles  forned  by  a  nonaal  to  the  surface  of  the 
ship's  side  and  axes  of  coordinates  O^x^,  O^y^, 

-  cosines  of  angles  forned  by  a  no  real  to  the  surface  of  the 
ship's  side  and  axes  of  coordinates  °2X2t  °2y2 '  °2X2f 


•vVi  -*ini 


Wi  -Vi 


-  are  nonent  a  ran  of  inpact  noaentun  for  the  ship; 


Rn2  -  is  the  nonent  are  of  inpact  nonentun  for  the  ice  floe; 

X  .  -  are  coefficients  of  reduced  nasses  and  nonents  of  inertia  of 
J  adjoining  water  nasses. 


Considering  the  aovenent  of  each  body  in  the  inpact  process  to  be 
forward  along  with  the  center  of  gravity  and  rotating  around  the  nonentary 
axis  passing  through  the  center  of  gravity  and  naking  use  of  laws  of  monen- 
tun  and  angular  nonentun,  we  obtain: 


for  the  ship 

All  (1  +  ^11)  (°i  —  °»)  *=  — 

(1  +  X*)  Uj  *»  —  flljS, 

AiiO+V)»i"—  ntS, 

+Xa)p,»— X,S» 

/y.(1  + 

(1  +  X||)  *=  — ■  *,5, 

for  the  ice  flow 


M»(l  +  Xu)»|«B  IgS, 

Ai»(l  +xi,)n*  =  n*S, 

//,  (l  +  Xu)  qt  t=  ntRS. 


(5.2) 


•  Considering  that  the  coefficient  of  restitution  c,  the  characteris¬ 
tic  elastic  properties  of  colliding  bodies,  equals  zero,  we  write  in 
expanded  form  a  supplementary  equation  from  the  condition  of  equality  of 
the  normal  (at  the  point  of  inpact)  veleoities  of  a  ship  and  ice  floe  at 


-24- 


the  end  of  an  inact  v.  .  *  v_ 

lred  2 red, 


ttvt  +  mjU,  +  A,*!  +  (qt *4 — r^j) /j  +  (rjje, — m,  -f 
+  (W4  —  ?A)  «i  —  /  A  +  n*V —  wv«*- 


(5.3) 


Solving  the  system  of  equations  (5.1),  (5.2),  (5*3)  jointly  and 

ntum  can  be 


keeping  in  aind  that  n^  =  n^,  an  expression  for  impact 
obtained  * 

t 

S  =  _ 

i  + 


C‘  .  .  Mt  V 


(5.4) 


C'  '  Mt 


where  C* 


is  a  coefficient  allowing  for  the  ship's  reduced  mass; 


Ct=i  1  \  <  ,  —  "i_Yi 

\  l  +  Xu  +  1+A«  t  l+*m  /  + 

+ r _ ^ ^ ^ _ 1  ^ 

l  (»  +  *»)  ',.(>  +  *u)  '*(»  +  *«)  J 


(5.5) 


C"  is  a  coefficient  allowing  for  the  ice  floe's  reduced  mass. 


C  =  ( — It-  +  -£—)  +  Af, 

W'*-  *+w 


(5.6) 


From  equating  formula  (5.4)  with  the  expression  for  momentum  during 
a  central  impact 


S-Afj- 


1  + 


Mi_ 

Mi 


(5.7) 


obviously,  the  reduced  masses  and  velocities  for  an  eccentric  impact  of 
a  ship  against  an  ice  floe  of  infinite  dimensions  are  determined  in  the 
following  manner: 


the  reduced  velocity  of  the  ship  which  is  a  projection  of  the  ship's 
velocity  in  the  direction  of  the  outward  normal  to  the  surface  of  the  hull 
at  the  impact  point 

Vd  -  voV 


reduced  mass  of  the  ship 

M 


1  red  -  M1  ’ 
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reduced  nui  of  the  ice  floe 


^  red  =  C"  * 

When  •  ship  strikes  an  infinitely  large  ice  flow  and  the 

fonsula  for  impact  momentum  takes  the  form 


vOllHl 

S  =  C'  =  v  red  M1  red* 


(5.8) 


The  Magnitude  of  the  cosine  of  the  angle  between  the  normal  at 
the  point  of  impact  and  the  direction  of  the  ship’s  movement  can  be  com¬ 
puted  with  sufficient  accuracy  for  practice  by  the  formula 

/.^O.OlaO.ecosp  +  O.U),  (5.9) 


where  a  -  is  the  angle  between  a  tangent  to  the  waterline  at  the  impact 
point  and  the  longitudinal  plane,  in  degrees; 

0  -  is  the  vertical  slope  of  the  frame  at  the  iiqpact  point,  in  de¬ 
grees. 


By  entering  this  into  (5*5)  and  (5.6),  expressions  for  moments  of 
inertia  and  adjoining  masses  can  be  computed: 


X1  - 


according  to  Yu.  A.  Shimanskiy's  formula 

according  to  the  generally  accepted  formula 

as  an  average  for  an  ellipsoid  and  parallelepiped 

/  M'L% 

*'  16  ’ 


The  moment  of  inertia  of  a  circular  ice  floe 


relative  to  axis  0 y  : 

Ct  Ct 


where  h  is  the  ice  thickness,  which  can  be  ignored  in  comparison  with  the 
expanse  of  the  floe. 
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The  following  values  for  coefficients  of  adjoining  water  masses 
and  the  floe  are  assumed  on  the  basis  of  theoretical  and  experimental 
data: 


Xu  b  0; 

^  B  ’ 

C-  0,667 — — - 5_**J 

»(»+«)  r  * 


^u-4 


I*  =  0,25  •••; 

II* 


r  3  — 2s  3  — « 


*  As  for  an  ellipsoid  with  semiaxes  L/2,  B/2,  T. 
**  G.  Ye.  Pavlenko's  formula. 

***  According  to  experimental  data. 


Values  of  ^l2  for  various  L/B  (when  B/T  =2.5)  are  presented  below: 


L 

B 

*i» 

L  ,. 

B- 

*i» 

3,5 

0,45 

6 

0,63 

4,5 

0.53 

7 

0,65 

5,5 

0,60 

8 

'«  0,68 

Ve  take  a  coefficient  of  adjoining  mass  for  an  ice  floe  as  for  an 
oblate  ellipsoid,  assuming  that  the  thickness  of  the  floe  is  small  in 
comparison  with  its  expanse.  Then 


111  =0, 

1,  . 

X|3  -1. 

As  formulas  (5*5)  and  (5*6)  show,  the  coefficients  C'  and  C"  entered 
in  expression  (5.4)  for  impact  impulse  will  depend  on  the  contour  of  the 
ship's  lines,  the  relationships  of  its  main  dimensions  and  the  coordinates 
of  the  impact  point.  However,  numerous  calculations  have  shown  that  co¬ 
efficients  C'  and  C"  are  practically  independent  of  ship's  parameters  such 
as  the  relationship  of  its  main  dimensions  (L/B,  B/T,  L/H)*  coefficients 
of  fineness  (a  and  {3 )  and  length  of  the  parallel  middle  body. 
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Figure  5>  Values  of  coefficients  C' :  a  -  for  icebreakers;  b- 
for  cargo  ships.  I  -  VIII  are  frame  line  reference 
numbers,  a-  degrees. 

«' 


Figure  6.  Values  of  coefficients  C".  a-degrees. 

To  simplify  computating  contact  stresses  occurring  when  a  ship 
strikes  an  ice  floe,  values  of  C'  for  various  frame  lines  and  vertical 
slopes  3  of  frames  at  the  impact  point  are  presented  in  Figure  5.  Figure 
6  presents  values  for  coefficient  C".  Numerous  calculations  have  shown 
that  the  magnitude  of  this  coefficient  is  practically  independent  of  the 
coordinates  of  the  impact  point  and  is  only  a  function  of  the  vertical 
slope  of  the  ship's  side  at  the  impact  point. 


6 


Contact  Stresses  When  a  Ship  Strikes  a  Floating  Ice  Floe 


Let  the  ship  be  moving  prior  to  impact  uniformly  at  a  velocity  of 
v  in  the  direction  of  axis  O^x  ,  At  the  moment  of  time,  t  =  0,  the  side 
or  the  ship  came  into  contact  with  an  initially  immobile  ice  floe  of  finite 
dimensions.  We  shall  assume  that  the  impact  took  place  at  point  0,  and 
straight  line  ON  is  normal  to  the  side  of  the  ship  (Figure  7).  We  shall 
consider  the  ship's  side  at  the  place  of  contact  as  being  flat  and  verti¬ 
cally  inclined  at  an  angle  8^,  which  is  determined  by  the  expression 


(6.1) 


where  8  -  is  the  vertical  slope  of  the  frame; 

or  -  is  the  angle  between  the  tangent  to  the  waterline  and  the 
longitudinal  plane.  ' 

In  subsequent  calculations,  we  shall  assume  that  3.  =3,  inasmuch 
as  the  maximum  value  of  angle  a  does  not  usually  exceed  20  to  25°. 

Let  us  investigate  the  movement  of  a  ship  and  an  ice  floe  during 
the  impact  process,  using  all  the  assumptions  taken  in  the  preceding  para¬ 
graph.  Moreover,  we  shall  disregard  stresses  expended  on  submerging 
(breaching)  of  the  ice  floe  as  well  as  its  rotation  relative  to  its  hori¬ 
zontal  axis.  The  breaching  and  rotation  of  an  ice  floe  near  its  horizon¬ 
tal  axis  assume  significance  only  when  a  ship  strikes  an  ice  floe  of  re¬ 
latively  small  dimensions  but  in  this  case,  contact  stresses  are  small  and 
are  not  calculated. 

The  relative  translation  of  a  ship  and  ice  floe  during  the  impact 
process  is  the  algebraic  sum  of  the  inelastic  crushing  strain  of  the  ice 
floe's  edge  and  the  elastic  strains  of  the  ice  and  the  ship's  side.  The 
magnitude  of  olastic  strains  is  considerably  smaller  than  the  depth  of 
crushing  of  the  edge  which  reaches  several  tens  of  centimeters.  There¬ 
fore,  we  shall  subsequently  disregard  elastic  strains,  assuming  the  ship's 
side  to  be  absolutely  rigid  and  not  considering  the  elastic  compression 
of  the  ice.  It  should  be  noted  that  elastic  strain  of  an  ice  floe  and 
yielding  of  the  side  structure  soften  the  impact,  decreasing  the  magni¬ 
tude  of  contact  stresses.  Thus,  by  disregarding  elastic  strains,  we  in¬ 
crease  the  magnitude  of  calculated  stresses  somewhat. 

Let  us  consider  movement  of  a  ship  and  ice  floe  during  the  impact 
process  (Figure  8).  Figure  8  depicts:  ON  -  the  normal  to  the  chip's  side 
at  the  point  of  impact;  x^  is  the  translation  of  the  side  in  the  direc¬ 
tion  of  impact;  x^  is  the  translation  of  the  ice  in  that  same  direction; 

£  is  the  inelastic  crushing  strain  of  the  ice  floe's  edge: 

=  *»•  (6.2)  ) 
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.  c  SlM 


Figure  7.  Impact  of  a  ship  against  an  ice  floe,  a-ship's  side; 
b-ice  floe;  c-along  A-A. 


At  impact,  the  kinetic  energy  of  the  ship,  reduced  toward  the 
line  of  impact  ON, will  be  partially  converted  into  kinetic  energy  of 
the  moving  ice  floe  and  will  partially  be  expended  in  crushing  the  edge. 
We  shall  designate:  0 

is  the  kinetic  energy  of  the  ship, 
reduced  toward  the  line  of  impact; 


M1  red  V  red 


1  red 


2  red 

c 

»■; 


=  "2 


red  2  red 


is  the  reduced  kinetic  energy  of  the 
ice  floe; 


Pd£  -  is  the  work  of  contact  forces  which  cause  crushing 
of  the  ice  floe, 


where  and  M 2  ^  are  the  reduced  masses  of  the  ship  and  ice  floe, 

determine§eBy  formulas  5; 


v 

v 


red 

2  red- 


P 


is  the  reduced  velocity  of  the  ship; 

is  the  reduced  velocity  of  the  ice  floe; 
is  the  combined  contact  crushing  stress. 


According  to  the  principle  of  least  action,  the  integral  from  the 
Lagrangian  function,  L  =  T  T  re,  -  U  of  the  ship-ice  floe  system 

under  consideration  -  must  be  minimum.  Taking  equation  (6.2)  into  considera¬ 
tion,  we  obtain 


(6.3) 
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L 


If  the  functional  I  reaches  ainieua,  Euler's  equations  sust  be 
satisfied 

dL  ddl  -  . 

dL _ d  dL 

&i  it  " 

From  this  we  obtain  a  system  of  differential  equations  which  describe 
the  movement  of  the  ship-ice  floe  system  during  the  impact  process: 


(6.4) 


Figure  8. 

I  -  I  - 
II  -  II- 
III-III- 
IV  -  IV- 


Translation  of  ship's  side  during  iq>act  against 
an  ice  floe. 

side  at  start  of  impact  (t  -  O); 
side  during  impact; 
ice  floe  at  start  of  inpact; 
ice  flow  during  impact. 


Excluding  the  unknown  acceleration  x  from  this  system,  we  obtain 
a  basic  differential  equation  for  determining  the  depth  of  crushing  of 
the  ice  floe's  edge  Q  and  consequently,  also  for  determining  the  contact 
stress 


M.  .  E  .  -  P  (1  *  M1  red  ).  (6. 5) 

kTT 

2  red 

The  initial  conditions  when  t  -  0,  will  be 

‘Vo  =  (0)3  "  0  =  (0)3 

where  v  l  is  the  reduced  velocity  of  the  ship  at  the  initial  moment  of 
impact . 
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Conditions  at  the  termination  of  the  impact,  when  t  =  t  ,  will  be 

=  and 

where  t  ^  -  is  the  duration  of  the  i^iact; 

-  is  the  maximum  depth  of  crushing. 

The  Magnitude  of  the  combined  contact  stress  P  is  defined  as  an 
integral  froa  the  contact  pressures  p  taken  over  the  entire  actual  area 
F  of  the  contact  zone. 


P=[pdF.  (6.6) 

The  Magnitude  of  area  F  will  depend  on  the  configuration  of  the  ice 
floe's  edge  and  the  depth  of  penetration  of  the  ship's  side  into  the  ice. 
In  an  ordinary  situation,  it  can  be  assumed  that 

F  =  A?,  (6.7) 

where  A'  -  is  a  coefficient  depending  on  the  aeometric  parameters  of 
the  ship  and  ice  floe; 

a  -  is  an  exponent  depending  only  on  the  configuration  of  he 
ice  floe's  edge  at  the  iMpact  point. 

Taking  (6.7)  into  consideration  and  considering  that  the  magnitude 
of  contact  pressure  is  also  a  function  of  the  depth  and  velocity  of  pene¬ 
tration,  in  place  of  (6.6)  we  can  write: 

p=oA  jpMK—'dt.  (6.8) 


Substituting  expression  (6.8)  into  formula  (6.5)  and  substituting 
variables  £  =  z,  we  obtain  a  first  order  differential  equation 


M, 

1  red 
M 

1  +  1  red 

2  red 


p  (C,  z)  Ca_1dC. 


(6.9) 


Assuming  the  proposition  of  equality  of  contact  pressures  with  the 
value  of  ultimate  crushing  strength  of  ice,  i.e. ,  p(£,  z)  =  a  (see  3») 
and  integrating  the  right  side  (6.9) »  we  obtain  a  differential  equation 
with  separable  variables 

M  .  zdz  =  -  ACT  £ad£,  (6.10) 

red  c 


where  M  =  M  M  ,  , 

red  1  red  2  red  is  the  reduced  mass  of  the  system  of  colliding 

M,  ^  +  M.  . 

1  red  2  red 

bodies . 
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Let  us  integrate  both  sides  of  expression  (6.10): 

*  c 


/  ^  f  {*  dC 

Vi  H„d 4 


After  integrating,  we  obtain 


At  the  termination  of  inpact,  when  £  =  z  =  0,  the  depth  of 
crushing  will  be  aaxiaua  and  will  be  determined  by  the  expression 

1 


(6.11) 


c  =  c. 


.~U  *  °  "rM  (Vl)2' 

2A a 


211  +  a 


The  naxinua  contact  stress,  corresponding  to  £  =  £ 


(6.12) 


=  AO 


f  (1  *  a)  Hred  (Vl H 
L  2AO_  J 


2_  1  +  a 


From  (6.11),  we  can  obtain 


(6.13) 


Integrating  this  equation,  we  obtain  an  expression  for  impact  time: 


r(  1  ) 

Cmn  V'* 

\  1  +0/ 

0 

rl  3  +  0 

(6.14) 

U  +  2a  j 

The  values  of  the T-function  depending  on  parameter  a  can  be  deter¬ 
mined  from  reference  book  tables. 

Formulas  (6.12)  to  (6.l4)  give  general  expressions  for  determining 
the  maximum  depth  of  crushing  of  the  edge,  the  maximum  contact  stress 
during  impact  and  the  impact  time.  No  assumptions  concerning  the  shape 
of  the  ice  floe  and  geometry  of  the  contact  zone  which  are  allowed  for 
by  parameters  A  and  a  are  made  in  the  conclusion  of  these  formulas.  Average 
values  of  these  parameters  can  be  determined  experimentally  by  measuring 
the  maximum  contact  stress  P  and  the  duration  of  impact  t  .  However, 
there  is  presently  a  little  research  data  which  is  available  until  the 
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values  of  parameters  A  and  a  can  be  determined  experimentally.  Therefore , 
two  practically  possible  cases  are  considered  below:  impact  against  an 
ice  floe  with  a  rounded  edge  and  impact  against  a  projecting  corner  of  an 
ice  floe. 

7.  Contact  Stresses  During  Impact  of  a  Ship  Against  an  Ice  Floe 
With  a  Rounded  and  an  Angular  Edge. 


Impact  against  an  ice  floe  with  a  rounded  edge  (Figure  9).  Let 
the  edge  of  the  floe  in  the  area  of  contact  with  the  ship's  side  have  a 
smooth  outline  and  let  it  be  fixed  by  the  equation  x  =/(>•),  axis  y  coin¬ 
ciding  with  the  line  of  intersection  of  the  plane  of  the  ship's  side  and 
the  upper  surface  of  the  floe. 


Figure  9-  Parameters  of  an  Ice  Floe  with  a  Rounded  Edge. 


The  magnitude  of  the  radius  of  curvature  R,  within  the  range  of  the 
length  of  the  contact  zone,  can  be  assumed  to  be  significantly  changing 
and  is  taken  as  a  design  or  its  average  value,  or  the  value  at  point  0. 
Then,  for  the  length  of  the  contact  zone 

bt  =  2V 2Rhx-fi ,  (7.1) 

where  h.  =  CO  =  *  "  Q ,  as  follows  from  Figure  10. 

1  cos  p 

The  magnitude  of  the  radius  of  the  edge  curvature  is  usually  rather 
large.  The  inequality  h^^R  is  nearly  always  observed.  Therefore,  in 
formula  ( 7 - 1 ) »  the  member  h^  can  be  disregarded.  Thus  we  obtain 

bt  =»  2  Y^2Wii  =  2 1/  ;  (7.2) 

V  coiji 

from  which 


(7.3) 
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The  function  x  *f{y)  can  be  considered  to  be  symmetric  relative  to 
axis  x  within  the  liaita  of  the  length  of  the  crushing  zone  and  can  be 
presented  in  the  fora  of  a  Fourier  series.  Being  liaited  by  the  first 
ir  of  the  series  and  deteraining  the  radius  of  curvature  at  point  0 


(x 


h  ),  we  obtain 


■  *% ' 


Figure  10.  Diagram  of  crushing  of  a  rounded  edge  of  an  ice  floe. 
AS-**.  CE-e,  OH-C  00,-1 1.  oc-fc. 


Setting  function  x  -f( y)  in  the  form  of  a  quadratic  parabola  and 
averaging  the  radius  of  curvature  by  formula 


we  have 


Thus,  the  average  value  of  the  radius  of  curvature  changes  within 
an  extremely  narrow  range.  Therefore,  formula  (7.3)  can  subsequently  be 
used,  assuming  that  the  inaccuracy  of  the  magnitude  of  the  numerical  co¬ 
efficient  will  be  compensated  for  when  selecting  the  mean  statistical 
parameter  R. 


The  contact  zone  formed  by  the  intersection  of  the  floe's  edge  with 
the  plane  of  the  ship's  side  is  a  parabolic  segment  (Figure  10),  the  area 
of  which  can  be  approximately  determined  by  formula 


8  b£  , 

3  tinpcos?  * 
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Taking  expression  (7.2)  into  consideration,  we  obtain,  for  an  ice 
floe  with  a  vertical  edge 


F_  *  P’Vw 

3  *  cot'^frinp 


(7.4) 


Equating  function  (7.4)  with  the  general  expression  (6.7)  for  the 
area  of  the  contact  zone,  we  have 


a  = 


A  = 


2  ’ 

A.  VTr  , 

3  cos'*  g  tin? 


(7.5) 


Substituting  the  obtained  expression  for  into  formula  (6.12),  we 
determine  the  maximum  depth  of  crushing  of  the  edge 

o 


c  =£f  • 

max  \  4 


M  v 
red  red 


9- 


(7.6) 


The  maximum  contact  stress 


3/5  2/5 


P  =  1.14  (M  .)  (Ac  ) 

max  red  red  c 


(7.7) 


impact  time 


t,  .  1.61  («  r2/V/y,// 

1  .  c  red  red 


(7.8) 


Am  follows  from  expression  (7.8),  the  impact  time  is  proportional 
to  v  *  ,  which  qualitatively  satisfies  a  realistic  picture  of  an  impact 

Actually,  when  the  ship's  velocity  is  small  vred-4°»  impact  time  will  be 
greater  (tj-^V“).  With  an  increase  in  velocity,  the  duration  of  impact  de 
creases. 


Impact  against  an  Ice  Floe  with  an  Angular  Edge  (Figure  11).  In 
this  case,  the  ship's  side  comes  into  contact  with  the  edge  of  the  floe 
taking  the  form  of  a  protruding  angle.  The  area  of  crushing  F  is  a  tri¬ 
angle  and  is  determined  by  the  formula 


•«! 


V, 


(7.9) 


2  v  tin  p  cos*  p 

where  (r  is  the  magnitude  of  the  angle  at  center  of  the  edge  projection. 
Comparing  (7«9)  with  the  general  expression  (6.7) »  we  find 
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a  =  2, 


(7.10) 


*in  ?  co**  f 


Substituting  the  obtained  value  for  a_ into  general  solution  formulas, 
we  detennine: 


the  maximum  depth  of  crushing  of  the  edge 

2  x  1/3 
'red^ '  red] 


/m  „  v 2  „y/3 
-  i.isV—nH^  . 


(7.11) 


maximum  contact  stress 


P—  ■  ‘-31  '"red  'L|W,"c,W' 


(7.12) 


impact  time 


t,  ,  1.61  (AO  r1/3M  l/\  -1/3  . 

1  c  red  red 


(7.13) 


Figure  11.  Diagram  of  crushing  of  a  protruding  angle  of  the  edge 

of  an  ice  floe. 

AB-b*  CE-c,  OH-l. 

Comparing  formulas  (7.6)  through  (7.8)  with  (7.11)  through  (7.13)* 
we  see  that  their  structure  is  identical. 

Ve  shall  attempt  to  estimate  the  magnitude  of  protruding  angle  f 
of  the  edge  of  the  ice  field.  An  impact  against  the  edge  of  a  channel 
in  a  pompact  ice  field  is  the  most  dangerous  when  a  ship  is  moving  in  a 
canal  behind  an  icebreaker.  In  this  case,  the  magnitude  of  the  protruding 
angle  will  be  calculated  by  the  dimensions  of  the  segments  broken  off  by 
the  icebreaker  (Figure  12).  Academic  calculations  and  data  from  experi¬ 
ments  in  fracturing  floating  ice  plates  show  that  the  dimensions  of  a 
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segment  broken  off  froa  a  seal-infinite  ice  plate  depend  on  the  thickness 
of  the  ice  and  the  relationship  of  the  height  of  the  segment  to  its  width, 
fluctuates  within  a  narrow  range.  These  conclusions  well  agree  with  data 
froa  actual  observations. 


Let  the  height  of  the  segasnt  equal  nh,  where  h  is  the  thickness  of 
the  ice  and  n  is  a  coefficient  depending,  when  all  other  conditions  are 
equal,  on  the  reduced  velocity  of  the  icebreaker.  As  a  rule,  the  magnitude 
of  this  coefficient  fluctuates  within  the  range  n  =  1.5  to  3*0  for  floes 
broken  off  by  the  bow  and  n  =  5  to  7  for  floes  of  the  latter  series  of 
breaking  (conditions  close  to  static).  The  width  of  the  segment  equals 
2knh,  where  k  is  a  coefficient  characterizing  the  relationship  of  the 
diaensions  of  the  broken  otf  segment  in  a  plane.  It  can  usually  be  assumed 
that  k  =  3. 


The  magnitude  of  the  angle  at  center  1/  of  the  protruding  edge  of 
the  floe  is  determined  from  the  siq>le  geometric  construct ion3  shown  in 
Figure  12.  The  unknown  radius,  R,  will  be 


R  —  nh 


**+l 

-  e 

2 


Then 


;}>  =  2  arctg  • 


(7-14) 


It  is  obvious  from  expression  (7.14),  that  the  magnitude  of  angle 
t  depends  neither  on  the  thickness  of  the  ice  h,  nor  on  coefficient  n, 
which  changes  within  a  wide  range.  For  the’  above-indicated  value,  k  =  3, 
angle  f  =  106°. 


Figure  12.  Geometric  characteristics  of  a  protrusion  of  the 
channel  edge  in  a  channel  opened  by  an  icebreaker, 
a-ice;  b-channel. 
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The  maximum  value  of  the  angle  at  center  cannot  exceed  2an  (Figure 
12 ) .  Thus , 

—  2a*  =  2  arctg  k. 

When  k  =  3 1  angle  =  145°. 

Another  extreme  value  of  this  angle  can  be  determined,  taking  in 
formula  (7*4),  the  minimum  value  observed  under  natural  conditions  k  = 

=  1.5.  Then,  f  .  =  45°.  Consequently,  possible  values  of  the  angle  at 

center  fluctuate  over  a  wide  range  from  45  to  145°.  The  average  value  of 
this  angle  which  can  be  used  for  calculations  is  90  to  100°. 

As  an  example,  we  shall  calculate  contact  stress  P  , 
depth  of  crushing  £  and  impact  time  t  during  impact  o?Xa  ship 
displacing  =  12,  885  t  at  various  speeds  against  an  ice  floe 
weighing  =  3000  t.  The  impact  takes  place  at  the  third  frame 
line  which  has  a  vertical  slope  of  0  =  29°.  The  cosine  of  the 
angle  between  a  normal  to  the  ship's  side  at  the  impact  point 
and  the  direction  of  the  ship's  movement!  =  0.219.  With  an  im¬ 
pact  against  an  ice  floe  with  a  rounded  edge,  we  assume  R  =  25m 
as  the  radius  of  the  curve  and  with  an  impact  against  a  floe  with 
an  angular  edge,  we  consider  if  =  90°,  as  the  tip  aggie.  The 
ultimate  crushing  strength  of  the  ice  =  400  t/m  . 

The  values  of  P  Cmax»  bQ  811,1  in  an  impact  of  a 
ship  against  a  roundecPedgeand  against- a  protruding  comer  of  an 
ice  floe's  edge  are  presented  in  Tables  2  and  3  respectively. 

From  the  tables,  it  is  obvious  that  the  magnitude  of  combined 
stress  is  considerably  greater  during  impact  against  a  floe  with 
a  rounded  edge.  In  this  situation,  the  contact  stress  is  dis¬ 
tributed  over  a  considerable  length  along  the  side  of  the  ship. 
Contact  stresses  during  impact  against  a  protruding  corner  of 
the  edge  are  of  a  local  nature ,  embracing  no  more  than  two  or 
three  frame-spacings. 

Table  2 

Values  of  P  ,  £  ,  brt  and  t,  during  impact  of  a 

max  max  0  1 

ship  against  an  ice  floe  with  a  rounded  edge. 


|  o„  y3au 

D 

Cnus>  * 

bt,  M 

fj,  C6K. 

C 

. 

2 

162- 

0,066 

3,90 

0,430 

4 

372 

0,114 

5,13 

0,375 

6 

608 

0,159 

6,05 

/  0,346 

8 

856 

0,200 

6,78 

0,327 

10 

1124 

■  i— 

0,239 

7,41 

0,319 

a-knots;  b-t;  c-sec. 
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Table  3 


Values  of  P  ,  C  ,  b.  and  t,  during  impact  of  a 
■ax  'max  0  1 


ship  against  an  angular  edge. 


*«.  yssu 
a 

P plan*  * 
b 

Caux>  •* 

bf.  M  ■ 

ti,  ceK. 

c 

2 

56 

0,232 

0,532 

1,414 

4 

142 

0,368 

0,845 

1,123 

6 

244  , 

0,482 

1,103 

0,985 

8 

358 

0,584 

■  1,336 

0,892 

10 

460 

0,678 

1,553 

0,829 

a -knots ;  b-t;  c-sec. 


8.  Impact  of  a  Ship  Against  the  Edge  of  an  Ice  Field. 

'When  a  ship  strikes  the  edge  of  an  ice  field,  the  edge  of  the  ice 
crushes  and  the  ice  field  bends  as  a  result  of  the  vertical  component  of 
the  contact  stress.  The  effect  that  the  crushing  of  the  edge  and  bending 
have  on  the  magnitude  of  the  contact  stresses  primarily  depends  on  the 
thickness  of  the  ice  and  the  vertical  slope  of  the  ship's  side. 

Let  us  consider  a  general  case  of  impact,  allowing  for  crushing  of 
the  ice  s  edge  and  bending  of  the  ice  field.  Extreme  cases  of  this  prob¬ 
lem  are  the  impact  of  a  ship  against  an  ice  cover  of  great  thickness  (hum¬ 
mock,  stamukh,  iceberg),  when  bending  of  the  ice  field  can  be  disregarded 
and  impact  against  an  ice  cover  of  relatively  small  thickness,  when  crushing 
of  the  ice's  edge  can  be  disregarded. 

The  problem  of  determining  contact  stresses  occurring  when  a  ship 
strikes  against  the  edge  of  an  ice  field  is  solved  with  the  same  assump¬ 
tions  and  premises  as  those  used  in  solving  the  problem  of  a  ship's  im¬ 
pact  against  an  ice  floe  of  finite  dimensions. 

Determining  Contact  Stresses  during  Impact  of  a  Ship  against  the 
Edge  of  an  Ice  Field.  Taking  Bending  into  Account.  The  process  of  a 
ship's  impact  against  a  non-failing  ice  field  can  be  divided  into  two 
stages.  In  the  first  stage,  at  the  start  of  the  impact,  crushing  of  the 
edge  takes  place.  With  this,  the  vertical  component  P  =  P  sin3  causes 
bending  of  the  field  (Figure  13).  Contact  stress  increases  from  zero  to 
maximum.  At  the  end  of  the  first  stage,  the  velocity  of  the  ship  in  the 
direction  of  impact  (reduced  velocity)  becomes  zero.  In  the  second  stage, 
the  potential  bending  energy  of  the  ice  field,  built  up  in  the  strain  pro¬ 
cess  is  converted  into  kinetic  energy  of  the  reverberating  ship.  Thus, 
the  impact  of  a  ship  against  a  non-failing  ice  field  should  be  considerea 
as  an  elastic-plastic  impact. 


-40- 


Figure  13*  Diagram  of  impact,  taking  bending  of  the  floe  into 

account. 

a-ship's  aide  before  impact;  b-ahip'a  aide  during  impact; 
c-ice  floe  before  impact;  d-ice  floe  during  impact. 


When  a  ship  atrikes  against  a  failing  ice  field,  only  the  first 
stage  takes  place  during  which  the  contact  stress  increases  from  zero 
to  a  magnitude  which  causes  the  field  to  fail  from  bending. 


Thus,  in  the  process  of  impact  against  the  edge  of  an  ice  field, 
the  ship's  kinetic  energy  is  expended  in  crushing  and  bending  the  ice 
field.  An  energy  balance  equation  for  this  situation  can  be  presented 
in  the  form 

T  =  U  +  V, 

M  v2 

where  T  =  lred  red  -  is  the  kinetic  energy  of  the  ship  in  the  direc- 
2  tion  of  impact; 


U 


V 


is  the  work  of  crushing  forces,  defined  as 
an  integral: 


1-0+ i 


a  *f*  1 


is  the  potential  bending  strain  energy  of  a 
semi-infinite  ice  plate  at  the  end  of  the 
first  stage: 


Y-^ra"sin?== 


4  VlO 


Then 


2 

M1  redVred  =  ocA 
2 


-a+ 

'mix 


a  -I-  1 


+ 


fin  sin2  p 
*YtD 


(8.1) 


-4l- 


Keeping  in  mind  that  in  the  general  case  P—OcA{*,  ,  we  obtain 
a  fonsula  for  determining  the  maximum  depth  of  crushing  of  the  ice's 

edge 


M,  v 

lred 


red 


a,eM  , 

«  +  i  2  V^b 


(8.2) 


The  magnitude  £  should  be  determined  by  formula  (8.2),  using  the 
successive  approximations  method.  The  value  £  ,  computed  without  taking 

bending  into  account,  i.e. ,  assuming  at  first  Tfiat  £  (in  a  denominative 
fraction)  equals  zero,  must  be  taken  as  the  first  approximation. 


The  depth  of  crushing  of  the  edge,  as  well  as  the  impact  time  can 
be  determined  by  solving  a  differential  equation  of  the  ship's  movement 
in  the  direction  of  impact.  Ve  obtain  this  equation  by  using  the  princi¬ 
ple  of  least  action  as  was  done  in  6.,  i.e.,  by  assuming 


Z»«ln»E 

*Vtd 


(8.3) 


As  seen  in  Figure  13,  translation  x  of  point  0,  on  the  side  where 
the  impact  occurs,  will  be  computed  from  the  elastic  translation  which 
is  caused  by  bending  of  the  ice  field  and  from  the  inelastic  crushing 
strain  of  the  floe's  edge  £,  i.e., 

xi  -  £  +  V 

Translation  x  and  the  amount  of  deflection  of  the  edge  of  an  ice 
plate  fare  related  to  the  function  xfa  =f  sinP.  The  amount  of  deflection 
of  a  floating  semi-infinite  ice  plate  under  the  influence  of  vertical 
stress  =  P  sin3  which  is  applied  to  the  edge  is, 

,  P*in? 

f~WTo‘ 


Noting  that  P  =  acA£  ,  we  obtain 

_ «*Asin»P  ra  ,  r 

■*i - 77= —  *•  t  *»•  , 

2  VtD 

Then  the  integral  (8.3)  will  be  written  in  the  following  form: 


I  ra+l  ojA'sin*?  2a  1  JA 

T;  “ 


0  + 


(8.4) 
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Euler's  equation  for  this  function  takes  the  form 

C(l  +  B +  B  (a  - 1)  t-*  c*  «=  0. 


'here 


The 

variable 


A  —  -e—  R  =  aatA  rin>^ 

1  Aflred  2Vl D 

obtained  equation  is  reduced  to  a  linear  substitution  of 

r  -  i- 


finally,  we  have 

+  2/x (C) ^  -h  2/,(C)  -  °. 


(8.5) 


where 


/i(C) 


fl(a  —  l)Ca~a 

1  +  flC--1 


/.(C)  = 


'U" 

l+.BC*-' 


Equation  (8.5)  has  an  integrating  factor 

e 

P  =  e  6 

Taking  into  account  the  initial  conditions  Q  =  O;  C  =  Vred’ 
O,  when  t  =  O,  we  obtain  a  general  integral  of  equation  (8.“) 


t 


(8.6) 


At  the  end  of  the  impact,  when  t  s.t^  the  ship's  velocity  in  the 
direction  of  impact  equals  zero,  i.e. ,  C  =">l  1  and  the  dePth 

crushing  is  maximum  Q  =  J  .  From  this,  we  obtain  the  condition  for 
determining  the  maximum  depth  of  crushing  of  the  ice's  edge: 

{nux  /  C 

2  |  f2  (C)  exp  f  2  j /,  (C)  dC 


dC=^rfed 


If  integration  is  performed,  it  is  possible  to  obtain  an  expres¬ 
sion  for  Q  ,  coinciding  with  formula  (8.2)  which  was  obtained  by  the 
energy  metRoS.  We  determine  the  value  of  the  maximum  contact  stress  at 
the  end  of  the  impact  by  substituting  Q  int0  formula  P  = 

We  shall  find  the  impact  time  by  integrating  the  right  side  of  equatxon 


dCAfT  =  dt  from  0  to  t 
Q  .  Then 


max 


and  the  left  side,  correspondingly,  from  O  to 


u 


dt 


r- 


If  the  impact  occurs  against  an  ice  field  with  a  rounded  or  angular 
edge,  all  expressions  are  substantially  simplified. 


Lot  us  consider  an  iapact  against  an  ice  field  with  a  rounded 
edge  with  a  radius  R.  In  this  case,  the  naTinn  depth  of  crushing  of 
the  edge  should  be  determined  by  formula  (8.2),  substituting  in  it  the 
values  of  coefficients  a  and  A  according  to  (7.5). 


(8.7) 


As  indicated  above,  the  first  approximation  will  give  the  value 
Q  ,  computed  without  allowing  for  bending 


this  concurs  with  expression  (7.6),  if  we  set  M  s  ®  in  it  and  take 
functions  (7*5),  (8.8)  and  (6.10)  into  consideration. 

Inasmuch  as  P  =  a  A£  in  a  general  situation,  by  using  dependence 
(7*5),  we  obtain  an  expression  for  the  maximum  contact  stress  which  oc¬ 
curs  during  the  impact  of  a  ship  against  the  edge  of  an  ice  field,  allowing 
for  bending  of  the  ice  cover 

P  4  ae  VW  r’lt 

rmii 38  i  ,  .  ii  ,  'mu’ 

3  sinpcoj"? 

(8.10) 

where  is  computed  by  expression  (8.7). 

During  impact  of  a  ship  against  the  edge  of  an  ice  field,  the 

greatest  contact  stress  P  and  impact  time  t  ,  without  taking  bending 

of  the  ice  into  consideration,  can  be  determined  by  formulas  (7.7)  and 

(7.8)  if  we  set  M  /M2  =  0  into  them,  inasmuch  as  the  mass  of  the  ice 

floe  M_  =  ®.  In  this  case,  P  can  also  be  computed  directly  by  formula 

(8.10),  if  we  substitute  C  "Irom  expression  (8.9)into  it. 

max 
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Let  ue  consider  the  impact  of  a  ship  against  an  ice  field  with  an 
angular  edge.  In  this  case,  the  depth  of  crushing  is  computed  by  formula 
(8.2)  which,  giving  consideration  to  (7.10),  can  be  written  in  form 


4ed 


where 


A,= 


~  ^1  +  —  'AiBCaui 


M_  Jsin  (3  cos  3 
lred 


(8.11) 


3c**nptg- 


B  = 


cot ' 


tVlD 


(8.12) 


Assuming  in  the  first  approximation  that  Q  =  0  in  the  denominator 
of  expression  (8.11),  we  obtain  the  depth  of  crushing,  computed  without 
considering  bending  of  the  field 


max 


: ^ 2^  *  ]Ved\  =  1.15  ^MlredVred 
Ai  '  ac  tg  : 


sin8cos2eY/3 


(8.13) 


this  coincides  with  expression  (7.11),  if  we  set  M2red  =  °°  and  take  re~ 
lationships  (7.10)  and  (8.12)  into  consideration. 


Maximum  contact  stress 


P 


m3x 


■  si  n  ft  cos’ 3 


°cC»- 


(8.14) 


where  Q  is  determined  by  expression  (8.11),  if  bending  of  the  ice 
field  is^aken  into  consideration  or  by  formula  (8.13)  without  allowing 
for  bending  of  the  ice  field. 


Example .  We  shall  determine  contact  stresses  occurring 
during  impact  of  a  ship  displacing  =  12,000  t  against  an 
ice  field  with  a  rounded  and  with  an  angular  edge.  The  velocity 
of  the  ship  at  the  moment  of  impact  v  =3  knots  (v  ^  1.545  m/ 
sec).  The  impact  occurs  at  the  thirdSframe  line,  tRe  vertical 
slope  of  which  forms  an  angle  of  8  =  29°,  and  the  cosine  of  the 
angle  between  a  normal  to  the  side  at  the  point  of  impact  and 
the  direction  of  movement  l  =  0.219.  Tne  radius  ol  the  rounded 
ice  field  at  the  point  of  impact  R  =  25m,  the  angle  of  the  point 
of  the  edge  f  =  90°.  The  thickness  of  jt;he  ice  h  =  1.3  m,  the 
ultimate  crushing  strength^^  =  400  t/nT ,  the  modulus  of  elasticity 
of  the  ice  E  =  3  •  Kr  i/m  ,  the  Poisson  coefficient  p  =  0.34  and 
the  specific  weight  of  the  ice  Y  =  O.85  t/m  . 
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Impact  against  an  ice  f loe  with  a  rounded  edge. 


The  flexural  stiffness  of  the  ice  field 


D  - 


£A* 


L‘j£jjL-»,ao-io|  ts. 


12(1  —  f*)  12(1  —0,34*) 

The  reduced  mass  of  the  ship 


D. 


12000 


Ired  gc-  9.81-2.06 


694  t  -ctifilM. 


The  value  of  coefficient  C'  is  determined  according  to  Figure  5 
for  the  third  frame  line  where  3  =  29°. 

The  reduced  velocity  of  the  ship  v  .  =  v  1 ,  =  0.338  m/sec. 

red  o  l 

Coefficients  and  B  are  computedby  formula  (8.8): 


M 


lred 


4-400  V  - 

sin3  cosJ/^  3-594-0.485-0.810 


n  _  ,  400  0.4851/^25  _  fi  A  m-;, 

cof'tV^D  0,810  1/0.85-8.20- 10* 

The  depth  of  crushing  in  the  first  approximation,  determined  by 
formula  (8.9) t 


We  substitute  the  obtained  value  Q  1  in  the  right  side  of  formula 


.  max 

(8*7)  and  compute  the  depth  of  cruahing  in  a  second  approximation 

•fed  V'* 


Cmox  i 


0,338* 


—  16,1  +  —  16,1  -6,4-0, 151v* 
5  3 


‘  =  0,0963  m. 


Substituting  the  obtained  value  £  2  into  the  right  side  of 

formula  (8.7),  we  find  the  depth  of  crusfifng  in  a  third  approximation 


0,338* 


>>mtx  *  1 


—  16,1  +  —  16,1 -6, 4-0, 0963’'* 
5  3 


-  0,103  M. 
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We  shall  not  aake  further  approximations 


The  maximum  contact  stress,  talcing  bending  into  consideration,  is 
determined  by  formula  (8.10) 


4'eV2R  _  4-400 1^2^25  •  0.103*** 

3  sin  ^  -  cos'"?  *  =  3  0,485  0,81 


327,5  t. 


We  obtain  the  maximum  contact  stress  without  considering  bending 
of  the  ice  by  formula  (8.10),  substituting  the  maximum  depth  of  crushing 
obtained  in  the  first  approximation,  i.e.,  without  considering  bending, 
into  the  formula, 


4ae  ]/~2R  =  4-4001/2-25-0. 151*** 

3  sin  p  cos’^fl 4al*  1  3-0.485  0.81 


562  m. 


Thus ,  reduction  of  the  maximum  contact  stress  because  of  bending 
of  the  ice  comprises  563-337. 5  100  =  4 1.7%. 

562 


Impact  acainst  an  ice  floe  with  an  angular  edge. 


We  determine  coefficients  A  and  B  by  formulas  (8.12): 


«c  lg- 


A1  =  M 


“Es- 


400-1 


lred 


sin  8  cos  8  *  594 -0,485 -0,875* 


=  1 ,825  m  1  ■  CfK — *; 


ocslnfitg- 


B 


400-0.485- 1 


cos’pKfD  0,875»-V' 0,85-8,20- 10* 


=  =  0,915  s-!. 


We  compute  the  depth  of  crushing  in  a  first  approximation  by 
formula  (8.13) 

r  _(  3  /  3-0,338*  V/,  _ 

inu*  1=1— - —  |  =  -  =0,455  m. 

\2  Aj  \  2-1,825  / 


We  substitute  the  obtained  value  Q  1  into  the  right  side  of 
formula  (8.1l)  and  find  the  depth  of  crushing  in  a  second  approximation 


ClTUXl  ~ 


(£ed 


v’/. 


—  Ai  -f-  —  AifiCmaxi 


0,338* 


k’h 


—  1,825  -f  —  1,825-0,915-0,456 
3  2  - 


0,416  m. 


The  depth  of  crushing  in  a  third  approximation 


,  K-T- 

\  TAl  +  T  AlB^mttt  J 

,  (  - y- 0.433,. 

I  1,825  +  —-1J 825  0.015  0.4I6  1 


Ve  shall  not  "sake  further  approximations. 

The  maximum  contact  stress,  taking  bending  into  considers  Hon, 
is  determined  by  formula  (8.14) 


| 

l*  T  *  _  1  •400-0,433* 
•In  P  cos*  9  "  0.486  0,87s* 
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Ve  obtain  the  maximum  contact  stress  without  taking  bending  of  the 
ice  into  consideration  by  this  same  formula,  substituting  into  the  formula 
the  value  £  1,  which  was  determined  in  the  first  approximation,  i.e. , 

without  considering  bending, 


1  400  0,456* 
0.485-0.875* 
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Decrease  of  the  maximum  contact  stress  because  of  bending  of  the 
ice  224  -  202  .  100  =  9.8%. 

224 

Determining  contact  stresses  during  an  impact  of  a  ship  against  the 
edge  of  an  ice  field  having  a  small  thickness.  Ve  shall  consider  the  im¬ 
pact  of  a  ship  against  the  edge  of  a  relatively  thin  ice  field  when 
crushing  of  the  edge  plays  a  secondary  role  in  comparison  with  bending. 
This  can  be  considered  as  a  design  situation  when  determining  external 
stresses  for  river  and  sea  vessels  destined  to  sail  in  relatively  thin 
ice.  Ve  shall  disregard  the  work  of  crushing  forces  of  the  edge  of  the 
ice  floe  and,  assuming  that  all  of  the  reduced  kinetic  energy  of  the  ship 
is  converted  into  potential  bending  strain  energy  of  the  ice  plate,  we 
obtain 


M  v 
lred  red  = 


4  V~tD 


From  this,  we  find  the  maximum  contact  stress 

p  =  -~vT2m!  .Vy£ 

max  sinp  V  lred  * 

5  2  3 

Assuming  for  fresh  ice  E  =  6  .  l(r  T/m  ,  Y  =  1  T/'nr  and  the 
Poisson  coefficient  ^  =  0.34,  we  obtain 

21.9v  Mj/2  h3/4 
P  =  red  1  red 

max  - : — x  — -  1  ■  ■■ 

sin  p 


(8.15) 


'8.16) 
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For  sea  ice  E  =  3 


c  2 

.  Kr  t/m  ,  therefore 

18. 4v  m}/2  h3/"4 

red  1  red 

sin  8 


(8.17) 


Using  the  principle  of  least  action,  we  obtain  a  differential 
equation  for  the  ship's  movement 


M  x  = 
lred  1 


sin*  9 


(8.18) 


and,  satisfying  the  initial  conditions  where  t=0,  x=0,  x  =  v 
=  v^l^,  we  find  the  solution  to  equation  (8. id) 


v'-"‘®“W6=r) 


The  maximum  value  for  x^will  occur  when 


MU 


in^fj 


=  TT 


from  which,  the  intact  time 


*1  =  2 


TT  /M,  ^in2^ 

—  *■  '  lred 


!^D“ 


(8.19) 


(8.20) 


It  should  be  kept  in  mind  that  the  vertical  component  of  contact 

stress  P  ,  determined  by  formula  (8.l6)  or  (8.17),  equal  to  P  sinj3 , 
max  max 

cannot  be  greater  than  the  vertical  stress  P  ^  which  fractures  ice 

covers  of  the  specified  thickness.  Thus  formulas  (8.16)  to  (8.20)  are 

valid  in  a  case  when 


P max  sin  P  ^  ft rac  , 


where  P_  is  determined  by  formula  (4.3  )• 
frac 

Pfrac  =  °’5V 

h  -  is  the  thickness  of  the  ice; 

(J  -  is  the  ultimate  bending  strength  of  the  ice. 
b 

,  Determining  contact  stresses  during  an  impact  of  a  ship  against  a 

failing  ice  field.  When  a  ship  impacts  against  an  ice  field  which  is 

failing  in  bending,  the  contact  stress  grows  from  zero  to  the  value  P  = 

P„  ,  with  which  failure  of  the  field  occurs.  The  failure  condition  of 
frac 

an  ice  cover  can  be  written  in  the  form 

Pm**  P  =  Pfrac  * 
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For  realistic  conditions  of  interaction  between  a  ship's  hull  and 
ice,  the  Magnitude  of  combined  stress  which  causes  ice  failure  is  practically 
independent  of  the  length  of  the  contact  stress  distribution.  Therefore, 
by  replacing  the  distributed  stress  which  causes  ice  failure  with  a  con¬ 
centrated  load  which  is  determined  by  formula  (4.3),  we  obtain  the  failure 
condition  of  the  ice  cover 

Pn»x  *»n  P  =  0,52^*. 


From  this,  we  find  the  magnitude  of  the  contact  stress  vhirh  causes 
ice  of  a  given  strength  and  thickness  to  fail. 


0,Sfcb4« 
sin  ? 


(8.21) 


If  the  thickness  and  strength  of  an  ice  field  are  given,  the  minimum 
velocity  at  which  a  ship  will  crush  the  ice  with  a  determined  sector  of 
its  side  can  be  calculated  by  use  of  formula  (8.21).  t  or  thie,  >  be  magni¬ 
tude  P  should  be  computed  by  formula  (8.21).  Then,  substituting  it  in¬ 
to  expression  (8.10),  Q  should  be  computed  arid  according  to  its  value, 
the  reduced  velocity  an^velocity  of  the  ship  should  be  found  by  using 
formula  (8.7). 


9.  Relationship  of  the  Magnitude  of  Contact  Stresses  to  the 
Length  of  the  Crushing  Zone  of  the  Ice, 


The  formulas  presented  in  7.  and  8.  for  determining  contact  stresses 

are  somewhat  simplified  if,  instead  of  the  edge  configuration  of  the  ice 

floe  in  the  zone  of  contact  with  the  ship,  the  length  of  crushing  of  the 

edge  of  the  ice  field  is  taken  as  an  initial  parameter.  Consider,  for 

example,  the  impact  of  a  ship  against  an  ice  floe  with  a  rounded  edge, 

taking  its  bending  into  consideration.  As  follows  from  formula  (7.2), 

the  length  of  the  zone  of  crushing  b^  corresponding  to  the  maximum  contact 

stress  P  equals 
max 


&„  =  2 


» 


from  which 


*  ¥  V|ji*f 


(9.1) 


Substituting  the  value  ^2R  in  formula  (8.7),  we  determine  the  depth 
of  crushing 


(9.2 ) 
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,  The  foraula  for  Miiww  contact  atr ess  (8.10),  after  substituting 
y2R  and  C-x  into  it,  which  were  determined  by  expressions  (9.1)  and  (9,2) 
can  be  presented  in  the  fora 


■M 


Ihul  / 

w"Y> 


ff  b 
lred  c  0 


2 


(9.3) 


An  analogous  expression  may  also  be  obtained  for  a  floe  with  an 
angular  edge.  As  seen  from  Figure  11, 


jL  = 

*  2 


(9.4) 


Substituting  the  value  tg~-  in  formula  (8*11),  we  determine  the 
depth  of  crushing 


‘•max  ' 


M,  s  ^ 

lred  red 


2  «cV  ,  1 


❖5 


(9.5) 


«fn  2?  8  cos*  p  V^D 


Formula  (8.l4)  for  maximum  contact  stress,  taking  expressions  (9*4) 
and  (9.5)  into  account,  can  be  reduced  to  form 


—  .  pred 

.sin  p 


M  a  b 
lred  c  0 


ctgP  + 


1  ocb» 

2  VtD 


(9.6) 


When  the  ice  thickness  is  relatively  great,  the  second  term  in  the 
denominator  of  the  radicand  which  takes  the  bending  of  the  ice  into  ac¬ 
count,  can  be  disregarded  inasmuch  as  the  primary  part  of  the  energy  in 
this  case  is  expended  on  crushing  the  ice.  Then  formulas  (9-3)  and  (9.6) 
take  the  form: 


for  an  ice  floe  with  a  rounded  edge 
=  1.29v 


max 


red 


V5 

V  si 


,  ct  b_ 
lred  c  0  , 


sin  2(3 


for  an  ice  floe  with  an  angular  edge 
1.23v 


max 


red 


/m"  <J  b~ 
/  lred  c  0 

V  sin  2(3 


(9.7) 


(9.8) 


The  obtained  formulas  for  contact  stresses  are  practically  the  same 
even  though  they  were  derived  for  essentially  different  forms  of  ice  field 
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edges  in  the  zone  of  contact  with  a  ship.  This  indicates  that  both  formu¬ 
las  can  be  used  to  determine  the  magnitude  of  contact  stress  when  a  ship 
strikes  against  ice  having  an  arbitrary  outline.  Moreover,  the  solvation 
to  the  problem  under  consideration  is  presented  in  closed  form,  not  re¬ 
quiring  subsequent  approximations  to  determine  the  magnitude  of  contact 
stress. 

Formulas  (9.3)  and  (9.6)  coincide  in  structure  with  the  formula  ob¬ 
tained  by  L.  M.  Nogid  1 33 J •  Such  coincidence  is  a  consequence  ot  identi¬ 
cal  assumptions  for  the  nature  of  interaction  between  a  sli  p'.}  hull  and 

ice. 


It  must  be  noted  that  for  practical  calculations,  it  is  nor**  rational 
to  use  formulas  expressing  contact  stresses  in  relation  to  the  configura¬ 
tion  of  the  edge  of  the  ice  floe  and  not  to  the  length  of  the  clashing 
zone  b  .  The  unknown  parameters  R  and  vji ,  which  character  izo  the  configura¬ 
tion  or  the  edge  in  the  contact  zone,  do  not.  depend  on  ole;nents  of  the 
ship  and  physical  and  mechanical  characteristics  of  the  ice.  Ihe  average 
values  of  these  parameters  which  are  necessary  to  determine  ice  loads  can 
be  computed  on  a  basis  of  processed  materials  concerning  ice  damage  to 
ships'  hulls  and  an  evaluation  of  their  construction  strengths.  The  un¬ 
known  parameter  b  essentially  depends  on  elements  of  the  ship  and  physi¬ 
cal  and  mechanical  characteristics;  this  makes  it  difficult  to  determine 
its  average  values  which  are  necessary  for  computing  ice  loads.  However, 
in  individual  situations,  formulas  (9*3)  and  (9>b)allow  the  magnitude  of 
the  ice  load  along  a  given  length  of  its  distribution  to  be  found.  Rear¬ 
ranging  this  expression,  it  is  possible  to  obtain  an  equation  for  an  im¬ 
pact  against  a  protruding  angle  of  the  edge  of  a  field 

Mlredv2red  =  ? 

2  4  V  iD  3  f>o5c 

and  for  impact  against  a  rounded  edge 

MlredV  red  ■  » _ Pjn*in® 

2  4  J'tO  3,33  ‘  -  ftp f 

The  obtained  expressions  are  energy  balance  equations.  In  contrast 
to  general  expression  (8.1),  length  b^  appears  in  them  instead  of  the  depth 
of  crushing  of  the  edge  Q.  Obviously,  here  also,  the  configuration  of  the 
ice's  edge  has  no  essential  value. 


Substituting  in  these  expressions  the  ice  fracturing  si i ess  ac¬ 
cording  to  (8.21),  we  obtain  a  design  equation  for  determining  the  minimum 
velocity  of  a  ship  at  which  failure  of  the  .ice  cover  will  occur 


0.5fcb/i*  1/ 

u#~~r~r 


""Vjg 


at 
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Vith  a  reduction  in  thickness  and  an  increase  in  the  ice's  ultimate 
crushing  strength  a  ,  crushing  of  the  edge  will  have  little  effect  on  the 
■agnitude  of  ice  loads.  In  view  of  this,  by  disregarding  the  first  Mem¬ 
ber  of  the  numerator  of  the  radicand  in  expression  (9.9), which  allows  for 
crushing,  we  obtain 


0.52afeh2  1 

'i  'V“ 


(9.10) 


Solving  this  expression  for  h,  we  obtain 

5 

h  =  1.79 


lredv  rec 


4  (1  -  p.2)  Ob 


(9.11) 


Formula  (9.11)  allows  the  thickness  of  the  ice  being  forced  to 
be  estimated  in  the  first  approximation  for  a  given  velocity.  This  prob¬ 
lem  relates  to  questions  of  the  passability  of  ice  which  directly  touch 
upon  the  problem  of  external  forces. 


10.  Impact  of  a  Ship  Against  Ice .Accompanied  by  Wedging  and  a 

Reverberated  Impact. 


During  movement  of  a  ship  in  ice,  a  situation  is  possible  in  which 
both  sides  simultaneously  come  into  contact  with  an  ice  cover  and  the  ship, 
not  fracturing  the  cover,  comes  to  a  stop.  This  situation  of  interaction 
between  a  ship  and  ice  is  called  a  wedging  impact.  Let  us  consider  the 
process  of  a  wedging  impact  of  a  ship  into  an  ice  field,  assuming  that  the 
points  of  contact  are  symmetrically  located,  relative  to  the  longitudinal 
plane  (Figure  l4). 


.  Figure  14. 
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During  a  wedging  inpact,  a  ship  can  have  three  translations: 

translation  in  the  direction  of  axis  Ox,  accompanied  by  crushing 
of  the  edge  of  the  ice; 

tria,  brought  about  by  the  vertical  components  of  the  contact  stresses 
broaching,  caused  by  these  same  components. 


Using  the  same  assumptions  and  specifications  as  were  used  in  5« , 
we  shall  write  the  following  equations  for  momentum  and  angular  momentum 


M,(l  +  U  (»i -».)  =  - 2/, S, 
Mi  (I  4"  ^s)  ®i  ”  —  2/ilS, 


(10.1) 


The  numerical  coefficient,  2,  is  introduced  because  the  impact  oc¬ 
curs  simultaneously  on  both  sides.  Assuming  as  was  previously  done,  that 
the  coefficient  of  restitution  «  =  0,  i.e.,  considering  the  impact  as 
being  inelastic,  we  obtain  a  subsidiary  condition  of  the  ship's  velocity 
in  the  direction  of  the  normal  to  the  side  at  the  end  of  the  impact  equaling 


zero: 


ltvt  -f-  nt a,  —  =  0. 


(10.2) 


Solving  equations  (10. l)  and  (10.2)  jointly,  we  obtain  an  expres¬ 
sion  for  impact  momentum 

n  _ _ 

4  «?  |  n'A  1  =  VredMlred’  (1°*3 

i+i« +  ,+x-+  I 


=  v  M  ,  (10.3) 

red  lred 


vQl ^  =  is  the  reduced  velocity  of  the  ship; 

M 

1  =  is  the  reduced  mass  of  the  ship; 

C' 

C'  =  is  a  coefficient  of  the  ship's  reduced  mass: 

It  is  not  difficult  to  show  that  in  the  case  of  impact  of  a  ship 
against  an  ice  floe  of  finite  dimensions,  expression  (10.3)  by  analogy 
with  formula  (5.4),  is  written  in  the  form 

$  =  - v'h  ■ 

w  ij  r» 


Jj_  + 

l  +  lu  1  +  1» 

Mi 
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where 


C" 


is  the  mass  of  the  ice  floe; 

is  a  coefficient  allowing  for  the  reduced  mass  of  the  ice 
floe: 


CT 


w  1 

,J».(,  +  Xu)  *1 


1 


In  this  case,  the  above -obtained  equations  can  be  used  to  deter¬ 
mine  the  magnitude  of  contact  stresses  during  a  wedging  impact  of  a  ship, 
substituting  the  coefficients  of  reduced  masses  C'  and  C"  in  them. 


Vhen  a  ship  is  moving  through  ice,  reverberated  impacts  are  also 
observed  when  a  ship  having  struck  the  ice  with  one  side,  is  sharply  de¬ 
flected  in  the  opposite  direction  and  strikes  the  ice  with  its  other  side. 
In  this  case,  the  projected  velocity  of  the  ship  on  the  normal  at  the  point 
of  the  second  impact, will  be  greater  than  with  the  first  impact.  Cor¬ 
respondingly,  contact  stresses  also  grow  and  frequently  lead  to  serious 
damages.  Specifically,  such  damages  occurred  on  t...  cebrcaker  Ermak 
during  its  first  Arctic  cruise  [31 ],  as  well  as  on  several  transport  ves¬ 
sels  of  various  ice  classes.  Large  dents  in  the  plating  and  strains  in 
the  side  framing  occurred  as  a  result  of  reverberated  impacts.  In  several 
cases,  leaks  occurred  in  the  ship's  hull. 


Let  us  consider  a  case  in  which  a  ship  moving  at  velocity  v  has 
struck  an  ice  field  or  an  ice  floe  of  finite  dimensions  with  its  starboard 
side.  The  impact  took  place  at  a  point  with  coordinates  x  ,  y  .  Using 
the  formulas  from  the  preceding  paragraphs,  it  is  possible  to  determine 
the  magnitude  of  impact  momentum  and  contact  stress  during  this  impact. 
Knowing  the  magnitude,  of  the  impact  momentum  S,  it  is  possible  to  deter¬ 
mine  all  six  velocities  of  the  reverberating  ship  from  the  system  of  equa¬ 
tions  (5.1 ).  If  the  time  interval  from  the  first  impact  on  the  starboard 
side  until  the  reverberated  impact  on  the  port  side  is  small,  the  velocity 
obtained  after  the  first  impact  should  be  used  as  the  initial  velocity  for 
the  second  impact.  If  the  time  between  impacts  is  great,  then  it  is 
necessary  to  consider  only  the  first  impact. 


If,  during  the  second  (reverberated)  impact,  a  ship  strikes  the  edge 
of  the  ice  field,  the  shock  impulse  for  this  situation  can  be  written  in 
the  following  form: 


S 


C' 


v  l 

0  red  =  M  v 

lred  red 


where  the  coefficient  of  reduced  mass  C'  is  determined  by  formula  (5.5) i 
and  the  reduced  velocity,  taking  into  account  the  conversion  from  the  left 
to  the  right  side  system  of  coordinates,  is  calculated  as 


vred=  vil»  ~ “i*"*  +  “V* “ +  qiH ~ r‘V|'  (i0.4) 
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Subscript  1  refers  to  the  first  impact  at  point  (x  y  ),  su,s‘;ript 
2,  to  the  reverberated  impact  at  point  (x,,.  y2>.  Veloci* ies  ,  u  ,  uj^, 
Pj,  f and  can  be  calculated  by  expressions  (3.1)  (?.?): 


—  V. 


timi 


C'(l  +  x„) 


«4=*  —  V, 

<h  -  — 


jlj|l  .  n  —  y  .  I 

c'O  +  W  1  *  •  C'f^^l  +  g  *  j 

MiU (zlll  —  Xi^)  .  _  __  ~!/iU)  j 

C''y.0  +  Xu)  ’  '  *  rXltj  •  , 


(10.5) 


We  note  that  translations  of  the  ship  at  velocities  v^  and  u^,  a3 
veil  as  rotation  r^  around  axis  Oz  are  nonperiodic.  If  the  time  between 
the  *irst  and  second  ircpacts  is  small,  these  velocities  do  net  have  suf¬ 
ficient  time  to  decrease  as  a  result  of  resistance  of  the  medium.  Thus, 
their  values  which  are  determined  by  formulas  (10.5)  can  be  substituted. 


Tianslat.ons  with  velocities  (D^,  p^  andfj  correspond  to  the  non- 

stationary  modes  of  heaving,  rolling*and  pitching  of  the  3hip.  Sti ictly 

speaking,  velocity  values(  computed  with  time  between  impacts  taken  into 

consideration,  should  be  substituted  in  formula  (10.4).  When  doing  this., 

the  resulting  reduced  velocity  v  will  he  either  increased  or  decreased, 

depending  on  the  relationship  of  fne  time  between  impacts  to  the  period 

of  tossing.  As  observations  under  ice  conditions  show,  the  corresponding 

translations  of  the  ship  are  small.  Therefore,  the  velocity  of  ship's 

broaching  and  angular  velocities  p  and  ,  corresponding  to  list  and 

trim,  can  be  ignored  in  expression  (10.4).  Then:  v  =  v  l  ,  where 

red  u  red 

i  _  ,  i  /jflii/ni _ i  C*iwi  ~~  t/ih)  (*«w t  4y«)  ( io.6) 

red  "  J,  £7”  '  C' (1 4- X*i)  '  + 

Calculations  show  that  v  >v„ln.  This  indicates  that  contact 

red  o  tL 

stresses  will  be  greater  during  a  reverberated  impact  than  during  a  direct 
impact.  The  reduced  velocity  v  ^  will  differ  from  zero,  even  for  the 
area  of  the  parallel  middle  body  where  l2  =  0. 

Figure  15  gives  values  of  the  coefficient  of  reduction  tor  lre(1 

during  a  reverberated  impact  in  the  area  of  the  first  and  tenth  frame 

lines  computed  for  a  heavy  icebreaker.  It  can  be  seen  from  the  figure 

that  the  maximum  value  of  l  .  is  obtained  in  the  area  of  the  third  and 

red 

fourth  frame  lines,  regardless  of  where  the  impact  occurs. 


Figure  16  presents  values  for  1  .  for  various  areas  of  the  hull 

during  a  direct  impact  in  the  area  ofr?ne  third  frame  line;  the  lower 

curve  corresponds  to  a  direct  impact,  the  upper  to  a  reverberated  impact. 

If,  for  example,  for  the  first  frame  line,  *red  and  consequent lv ,  also 

v  ^  during  a  reverberated  impact, are  1.5  times  greater  than  and 

t  .  during  a  direct  impact,  this  difference  increases  to  rore  than  2.5 
red 

times  for  the  eighth  frame  line. 
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It  is  possible  to  use  the  relationships  shown  in  Figure  15  for  ships 
haring  lines  similar  to  the  icebreaker  Hosiers,  soiling  t  proportionally, 
to  the  ratio  between  the  coefficients  for  the  icebreaker  Moskva  and 
the  ship  being  considered.  For  ships  having  contours  which  substantially 
differ  f roe  the  hull  lines  of  the  icebreaker  Moskva,  it  is  necessary  to 
perform  preliminary  calculations  in  the  method  set  forth  in  this  para¬ 
graph.  Finding  the  value  l_.  in  this  way,  the  magnitude  of  contact 
stresses  should  be  determined  by  formulas  6.  to  8. 


c  l. 


Figure  15«  Values  of  coefficient 

1  .  for  a  heavy  icebreaker, 

red 

a -frame  lines;  b-first  frame 

line;  c-t  .. 

red 


bit 


Figure  16.  Values  of  coefficient 

during  direct  and  reverberated 
impacts,  a -frame  lines;  b-l  . 


11.  Magnitude  of  Stresses  Occurring  During  ice  Compression  of 

A  Ship. 

Determining  loads  which  act  on  a  ship's  hull  during  ice  compression 
is  part  of  the  overall  problem  of  contact  stresses  experienced  by  hull 
structures  of  a  ship  sailing  in  ice. 

Ice  compression  can  be  considered  as  a  static  process.  It  is  most 
dangerous  when  a  ship  is  moving  in  a  large,  compact,  ice  field.  Taking 
the  static  nature  of  ice  compression  into  consideration,  an  ice  field  can 
be  considered  as  a  homogeneous  plate  resting  on  a  hydraulic -type  flexible 
foundation.  In  this  situation,  the  problem  of  static  action  of  the  sys¬ 
tem  of  vertical  and  horizontal  forces  on  this  plate  should  be  solved. 

It  is  natural  to  assume  the  critical  load  which  fractures  ice  of 
the  given  thickness, as  the  design  external  loads  acting  on  the  ship's 
hull  during  compression.  If  the  ship's  strength  is  inadequate,  the  ship 
can  be  damaged  or  even  crushed  by  the  ice. 

Observations  of  compression  on  icebreakers  show  that  failure  of  an 
ice  field  occurs  primarily  because  of  bending;  this  explains  the  con¬ 
siderable  vertical  slope  of  icebreakers'  sides.  In  view  of  this,  larger 
ice  floes  break  off  at  the  midsection  Where  the  slope  of  the  sides  is  less 
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than  at  the  ends  and  the  curvature  of  t'.ya  waterline  is  relatively  small. 
Sasller  fractures  of  the  field  ere  observed  at  the  extremities. 

If.  during  movement  of  the  ice.  one  of  the  edges  of  the  channel  is 
immobile,  loci’,  crushing  of  this  edge  and  minor  hussaockirg  occur  during 
compression  of  s  Ship.  Failure  and  intensive  humnocking  of  the  ice  are 
observed  vn  the  moving  edge.  Ice  on  this  side  piles  up  as  high  as  the 
main  deck  in  some  cases.  There  have  been  cases  when  icebreakers  with  a 
significant  slope  in  their  sides  amidships  (15  to  18®)  have  been  pressed 
up  to  s  height  of  la  or  more  during  ice  compression. 

Ice  failure  at  the  extremities  of  ice  cargo  ships  where  slope  of 
the  side  is  great,  generally  occurs  the  same  as  for  icebreakers,  i.e. , 
because  of  bending  of  the  ice  field.  In  the  midsection  of  a  ship  having 
a  parallel  adddle  body,  where  the  Side  is  either  vertical  or  slightly 
inclined,  the  nature  of  ice  failure  changes  somewhat.  Initially,  ir¬ 
regularities  in  the  walls  of  the  channel  break  off,  then  the  ice  field 
adjoins  the  greatest  part  of  he  parallel  middle  body.  Failure  of  the 
ice  field  in  this  area  resembles  the  failure  of  a  plate  resulting  from 
loss  of  stability  affiliated  with  axial  coqtressive  stresses.  In  this 
case,  loads  acting  on  the  hull  will  considerably  exceed  the  stresses  which 
fracture  ice  because  of  bending  and  present  a  great  danger  to  the  side 
structures,  as  a  whole. 

Ice  compression  can  be  conditionally  divided  into  two  stages.  In 
the  first  stage  (local  crushing),  protruding  sectors  which  quickly  crumple 
or  are  broken  off,  come  into  contact  with  the  side.  Stresses  occurring 
at  this  time  are  distributed  over  comparatively  small  areas  encompassing 
small  segments  of  the  side  structures.  In  the  second  stage,  after  pro¬ 
truding  sections  have  broken  off,  large  segments  of  the  side  come  into 
contact  with  the  ice.  Contact  pressures  which  occur  in  connection  with 
this  are  spread  over  a  large  part  of  the  ship. 

It  should  be  kept  in  mind  that  it  is  extremely  difficult  to  fix 
boundaries  between  these  two  stages  of  compression ,  just  as  it  is  extremely 
difficult  to  determine  which  of  the  types  of  compression  are  more  dangerous 
to  a  ship’s  side  structures.  However,  there  is  basis  to  assume  that  the 
second  stage  of  compression,  in  spite  of  the  comparatively  smaller  magni¬ 
tude  of  linear  loads,  is  in  some  cases  more  dangerous  to  a  ship  as  a 
whole  because  it  can  cause  grave  damages  over  a  large  hull  area. 

The  overall  compression  of  a  ship  in  an  ice  field  can  be  considered 
as  analogous  to  the  impression  of  a  hard  stamp  (ship)  into  an  elastic  half¬ 
plane  (ice  field).  Direct  application  of  analytical  dependencies  of  the 
theory  of  elasticity  contact  problem  is  impossible  in  this  case  because 
of  the  large  number  of  undetermined  factors  which  cause  overall  compres¬ 
sion  -of  a  ship.  Therefore,  the  magnitude  of  external  loads  which  act  on 
a  ship’s  hull  during  overall  compression  shall  be  determined  by  starting 
from  the  conditional  design  plans  presented  below.  We  shall  consider  two 
situations:  compression  of  ships  having  sloping  sides  adnldsl  >i><  and 
compression  of  ships  having  vertical  sides. 
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Results  obtained  by  thoorotleal 
with  tha  actual  strength  of  icebreakers 
in  tbs  Arctic. 


SammkasL  ?*  •  •  mhi» 

in  an  ico  field,  the  edge  of  the  ice  crushes  until  the  total  contact  stress 
reaches  a  Magnitude  which  crushes  ioe  covers.  When  solving  the  problen 
of  strain  on  a  floating  ice  plate,  it  was  shown  that  for  the  actual  ratio 
of  the  length  of  the  crushing  sons  bQ  to  the  thickness  of  the  ioe  (bJb 
<  10),  the  Magnitude  of  the  total  fracturing  stress  is  practically  inde¬ 
pendent  of  the  length  b_.  Therefore ,  we  shell  evaluate  the  strength  of 
the  ice  field  by  date  ruining  the  Magnitude  of  the  concentrated  stress  P, 
which  fractures  the  plate. 


The  Magnitude  of  the  ice  fracturing  at: 
can  be  determined  by  expression  (8.21) 


is  for  a  ami-infinite  plate 


frac 


0.52 


h 


sin  8 


where  a.  -  is  the  ultiaate  bending  strength  of  ice; 

D 

h  -  is  the  ice  thickness ; 

P  -  is  the  vertical  slope  of  the  side. 

A  projection  of  the  edge  of  the  ice  field  combs  into  contact  with 
the  side  during  coapression.  Assuming  that  the  side  of  the  ship  in  the 
contact  zone  is  flat  and  that  the  projection  is  described  as  an  arc  with  , 
a  radius  R,  we  shall  use  formulas  presented  in  8.  to  determine  the  length 
of  the  crushing  zone  and  the  Magnitude  of  contact  stress.  The  total  con¬ 
tact  stress  is  determined  by  formula  (8.10) 

'  \ ■„  -■  4 


*.  tin 


Equating  the  right  sides  of  expressions  (8.10)  and  (8.21),  we  shall 
determine  the  maxiMun  depth  Of  crushing  from  the  obtained  equation  at 
which  failure  of  the  ice  field  will  occur. 


,  0.534(a)' 


(a*)* 


(11.1) 


Using  formula  (7.2),  for  the  length  of  the  crushing  zone  corresponding 
to  C  ,  we  obtain 


from  which 


1,48 BJW&,' 


(11.2) 
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Thu* ,  the  relative  length  of  the  crushing  zone  of  the  edge  de¬ 
creases  with  an  increase  in  ice  thickness  which  is  confined  by  natural 
observations. 

Conpression  of  a  ship  with  vertical  sides.  Vhen  there  is  pressure 
by  an  ice  cover  on  a  vertical  side,  contact  stresses  act  in  the  plane  of 
the  ice  field.  Vhen  the  slope  angles  are  snail ,  the  side  nay  also  be 
c*'nsidered  as  vertical.  The  magnitude  of  the  ultimate  slope  3  at  which 
a  *  Ida  is  considered  to  be  vertical  is  evaluated,  proceeding  from  the 
following  considerations. 

Vhen  there  is  a  sloping  site,  an  ice  plate  fails  vhen  the  no real 
tensile  stresses  on  its  external  surface  (in  the  extreme  fibers  of  the 
section)  exceed  the  bending  strength  of  ice  a^.  The  horizontal  component 
of  the  contact  stress  in  this  case,  increases  these  stresses  on  one  side 
and  on  the  other,  decreases  then  (because  of  crushing).  When  the  slope 
of  the  side  is  greater  than  5  to  10*,  these  factors  neutralize  each  other 
and  the  carrying  capacity  of  the  plate  is  determined  primarily  by  the 
vertical  comment  of  the  contact  stress ,  i.e. ,  by  the  bending.  This  pro¬ 
vides  basis  for  using  formula  (8.21)  for  calculations. 

We  arrive  at  analogous  values  for  the  ultimate  slope  angle  i.y  con¬ 
sidering  the  friction  of  the  ice  against  the  side  of  the  ship  during  com¬ 
pression  during  which,  in  all  cases  where  8  <£  arctg  f  (wher eff  is  the 
coefficient  of  friction  of  ice  against  steel),  the  side  can  be  considered 
as  vertical.  Considering  that »  0.15,  *■  obtain  8  =  8°  for  an  ultimate 
slope  angle. 

Failure  of  an  ice  cover  by  action  of  stresses  applied  to  its  plane 
can  occur  either  as  a  consequence  of  loss  of  stability  of  the  ice  plate 
or  under  the  effect  of  shear  stresses.  From  the  theoretical  solution 
to  the  problem  of  stability  of  a  floating,  semi-infinite  ice  plate  under 
the  effect  of  a  concentrated  force  applied  to  its  edge,  it  follows  that 
the  magnitude  of  critical  force  causing  loss  of  stability  and  ice  failure, 
considerably  exceeds  the  magnitude  of  the  stress  causing  the  appearance 
of  radial  cracks  from  shearing.  Actual  observations  also  show  that  ice 
failure  in  case  of  a  vertical  side,  begins  with  formation  of  cracks  and 
then  losses  of  stability  of  the  ice  cover  and  breaking  off  of  floes  occur. 
This  gives  basis  to  assume  that  cracks  are  formed  in  an  ice  field  as  a 
result  of  shear  stresses, 

From  the  solution  of  the  two-dimensional  problem  of  the  theory  of 
elasticity,  it  is  known  that  maximum  shear  stresses  for  load  occurring 
in  sections  1  and  2  (figure  17),  are  determined  by  the  expression 


whre  h  -  is  the  thickness  of  the  plate; 

q  -  is  the  intensity  of  the  linear  load  on  the  plate. 
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Formation  of  crooks  in  on  loo  cover  daring  compression. 

Dm  Matnt  of  erode  forootioa  corresponds  to  the  advance  of  shear 
stresses  to  the  ultimate  sheering  strength  of  ice  t  .  For  fresh  ice, 

N.  F.  Yershov  ( 16 ) , ossunos  T  «  60  t/m  .  Experimental  dots  shows  that 
T  >  30  t/n  coif  bo  ■ssnnsd  os  the  ultioote  shearing  strength  of  sea 
ieo«  Then,  a  unifora  linear  load  which  causes  the  appearance  of  cracks 
in  sea  fee  is  determined  by  the  expression 

q  m.  —  t/m.  (11»4) 

The  segment  of  the  plots  in  which  the  erodes  ore  formed  loses  its 
stability  as  being  flexible  along  its  cylindrical  surface  (strip).  The 
magnitude  of  critical  stress  for  the  strip 

fcr-Vv®'-  <u-5> 

where  Y  -  is  the  specific  weight  of  water; 

D  -  is  the  flexural  stiffness  of  the  ice  plate  (see  4.). 

,  Assuming  that  with  compression  which  is  a  static  process,  E  ■  4  . 

10*  t/m*  and  Y  *  1  t/sT  and  (i  =  0.34,  wa  obtain 

q  =  62h  Vh” t/m  .  (11.6) 

»  cr 

Comparing  the  obtained  value  q  with  the  magnitude  q  determined 
by  formula  (11.4),  it  is  easy  to  be  convinced  that  in  the  range  of  thick- 
nesses  up  to  h  .  2.2m,  which  presents  the  greatest  practical  interest-, 

9  >  f  ,  i.e. ,  loss  of  stability  occurs  immediately  after  cracks  are  formed. 

In  the  first  stage  of  compression  when  relatively  small  irregulari¬ 
ties  of  the  edge  of  the  ice  are  broken  off,  ice  load  distribution  along 
the  side  does  not  depend  on  the  rigidity  of  the  side  structures.  As  a 
consequence  of  the  considerable  magnitude  of  the  inelastic  crushing  strain 
of  tb»  ice's  edge  in  comparison  with  the  elastic  strain,  a  different 
rigidity  of  side  grillage  cannot  exert  a  substantial  effect  on  redistri¬ 
bution  of  the  ice  load.  Otherwise,  there  is  a  situation  of  overall  com¬ 
pression  of  a  ship  when  ice  adjoins  the  side  for  a  considerable  length. 

In  this  case,  the  ice  cover  strains  elastically  and  redistribution  of 
the  contact  ice  loads  must  take  place.  This  redistribution  can  be 
extremely  important  for  ice  cargo  ships  in  which  transverse  bulkheads  are 
placed  a  considerable  distance  from  each  other  and  there  are  no  frames. 

An  analysis  of  the  functioning  of  the  side  grillage  can  be  made 
in  a  first  approximation  by  using  the  formulas  for  calculating  a  wall 


.* 
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beam*,  which  is  used  in  construction  work.  In  the  case  under  consideration, 
the  ice  field  is  the  wall,  the  side  grillage  is  the  wall  bear  and  the 
transverse  bulkheads  are  the  columns. 


*  A  bean  which  bears  ths  load  fron  wall  pressure  and  is  supported 
on  eolunns  is  called  a  wall  bean. 


Figure  18.  Diagran  of  the  redistribution  of  contact  stresses 

during  ice  conpression. 

1-side;  2-trans verse  bulkheads;  a-b;  b-E^I^. 


The  load  on  the  bean  increases  near  the  supports  (bulkheads)  and 
decreases  toward  the  center  of  the  span.  Its  curve  takes  the  form  de¬ 
picted  in  Figure  l8a.  For  practical  purposes,  a  curve  consisting  of  tri¬ 
angles  can  be  assumed  (Figure  18b).  Failure  of  ice  cover  in  this  case 
begins  with  formation  of  cracks  at  the  navi mum  load  sites,  i.e. ,  princi¬ 
pal  compressive  stress  in  the  area  of  the  bulkhead  reaches  the  ultimate 
static  compressive  strength  of  ice.  We  shall  assume  the  following  expres¬ 
sion  for  stress  f  which  fractures  ice  covers 


(11.7) 


The  total  stress,  experienced  chiefly  by  the  transverse  bulkhead 
and  partially  borne  by  the  frames , 

<n-8» 

where  a  -  is  a  coefficient  determined  according  to  B.  N.  Zhemochkin's 
recommendation  [18], 


(11.9) 


E^  -  is  the  modulus  of  elasticity  for  ice; 

-  is  the  reduced  rigidity  of  the  side  grillage. 
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If  a  load  is  dirttctly  applied  to  a  aids  stringer,  the  no— nt  of 
inertia  of  tba  stringer  with  its  attaehAd  flange  can  bo  Moan  as  I  . 

For  a  load  applied  to  tha  span  batwaan  stringars ,  tba  magnitude  1  ! 

■oat  bo  determined  by  calculating  tha  aida  grillage. 

Taking  into  conaidaration  that  a  sector  of  an  ice  field  bounded 
by  cracks,  loses  its  stability  as  a  plate  which  is  banding  along  its 
cylindrical  surface,  tha  critical  load,  data rained  by  expression  (11.5) 
should  be  taken  as  tba  critical^ design  load  for  aida  grillage  with  ice 
up  to  2.2a  thick.  For  ice  of  greater  thickness,  the  reserve  stability 
of  an  ice  plate  is  very  large  and  the  magnitude  of  the  design  load  for 
the  grillage,  in  this  case,  is  determined  by  tba  ultiaate  crushing  and 
shearing  strength  of  tha  ice. 

The  foraulas  presented  in  this  paragraph  aaka  it  possible  to  com¬ 
pute  design  loads  for  side  fraaing  in  the  aidsection  of  ice  ships  de¬ 
pending  on  ice  coapression  conditions  as  well  as  to  solve  the  reverse 
problea:  to  determine,  for  the  known  strength  of  the  side  fraaing,  the 
asTiaua  thickness  of  ice  in  which  a  ship  can  be  coapressed  without  daaage. 
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CHAPTER  III 


CALCULATING  MAGNITUDES  OP  DESIGN  ICE  LOADS  FOR  MAIN  HULL  BRACINGS 

12.  Load*  on  Side  framing . 


The  first  stage  when  planning  and  designing  hull  structures  of 
ice  ships  and  icebreakers  is  to  calculate  the  Magnitude  of  ice  loads 
which  act  on  the  side  fraaing  and  external  plating  of  a  ship's  hull. 

This  chapter  gives  %  practical  method  for  calculating  ice  loads,  based 
on  previous ly-cite  \  investigations.  Contact  stresses  which  occur  during 
iapact  of  a  ship  against  ice  and  during  ice  compression  are  used  as  initial 
&ta. 


Before  Moving  on  to  the  essence  of  the  eat ter,  it  is  necessary  to 
bring  to  aind  that  the  magnitude  of  an  ice  load  basically  depends  on  the 
configuration  of  the  edge  of  the  ice  floe  in  the  area  of  its  contact 
with  the  side.  Generally  speaking,  the  shape  of  the  edge  can  be  most 
varied.  Therefore,  for  design  ice  loads,  it  is  necessary  to  set  the 
outlines  of  a  floe's  edge  in  the  area  of  contact  with  the  ship's  side  in 
such  a  way  that  the  hull  strength  calculated  according  to  these  loads  will 
guarantee  accident-free  operation  of  ships  in  ice.  Investigation  of  this 
matter  and  observations  have  shown  that  the  most  acceptable  of  the  number 
of  possible  configurations  is. an  edge  of  a  floe  defined  as  an  arc  of  a 
circle.  Results  of  comparing  ths  construction  strength  of  ships  in  opera¬ 
tion  with  design  values  of  the  ice  load  for  some  certain  type  and  class 
o!  ship  obtained  by  the  suggested  method,  arc  taken  into  consideration 
when  selecting  a  numerical  value  for  radius  R  of  this  circle. 

Calculations  have  shown  that  if  the  magnitude  of  the  radius  R  is 
set  within  the  range  of  10  to  40m,  the  value  of  the  impact  time  and  the 
length  of  the  ice  load  distribution  coaputed  theoretically, we 11  agree  with 
data  of  actual  observations  and  are  confirmed  by  operating  experience  of 
ships  in  ice.  Inasmuch  as  the  magnitude  of  the  radius  of  the  circular 
ice  edge  in  the  contact  area  has  a  relatively  small  effect  on  the  ice  load 
intensity,  for  example,  when  changing  the  radius  four  times  (from  10  to 
40  m),  the  intensity  of  the  ice  load  changes  only  by  3C%.  A  radius  of  25m 
was  taken  as  a  mean  within  the  indicated  range  for  practical  calculations. 

An  ice  load  acting  on  a  ship's  bow*  is  determined  for  the  case  of 
an  impact  against  an  individually  floating  floe  or  an  ice  field, with  and 
without , taking  its  bending  into  account.  The  design  ice  load  should  be 
computed  by  relating  the  total  contact  strength  P  to  the  length  of  the 
distribution  area  b  along  the  ship's  side.  Magnitude  b  is  defined  as  the 
length  of  the  contact  area  between  the  hull  and  the  ice,  corresponding  to 
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the  uti—  value  of  contact  stross.  Tha  nuaerical  value  of  b  la  detar- 
■ined  from  tha  crushing  conditions  of  tha  ice's  edge  in  the  contact  area. 


*  In  tha  given  case,  bow  aaans  that  part  of  tha  hull  where  iepact 
loads  are  larger  than  th»  comprise ive  loads  in  the  aidsection. 


Figure  19-  Finding  the  design  length  of  load  distribution. 

It  is  evident  froa  Figure  10  that  the  area  of  crushing  of  the  ice's 
edge  has  a  parabolic  segment's  fora.  The  length  of  this  area  is  calculated 
by  formula  (7.2).  The  distribution  curve  of  contact  stress  along  the  length 
also  has  the  form  of  a  parabolic  segaent  (Figure  19),  the  area  of  which 

2 


where  Q  -  is  the  maximum  ordinate  of  the  curve. 

Ve  shall  assume  that  the  design  contact  stress  is  equally  distributed 
on  length  b,  which  is  defined  as  an  arithmetical  mean  between  bfl  and  b, , 
where  is  found  from  the  condition  of  equality  of  areas 


-jj- Maw  “Maw  * 


froa  which 


Aft. 


A-y6**  a  a  6 

In  this  case,  taking  (7.2)  into  account,  we  can  write 


♦-war 


(12.1) 


"l* 


/ 
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Ifeing  formulas  (8.10)  and  (12.1),  wa  obtain  an  egression  for  the 
Intenoity  of  the  design  ico  load  during  an  iapact  of  a  ship  against  an 
ico  f loo  with  a  rounded  edge 


P> 

f bow  *  * 


B  da  P«*  I 


(12.2) 


Substituting  the  saxisus  depth  of  crushing  calculated  by  fonau. 

In  (7.6)  into  this  expression  and  taking  (7.5)  into  consideration,  we  ob¬ 
tain 


a  -  4  I  Mi  Y*  — . 


Substituting  the  reduced  velocity  of  the  ship  in  the  form  of  v  = 

„  v  t  «  0.514  v  l  (whsre  v  is  the  ship's  velocity  in  knots)  and  designa¬ 
ting  1  M  *  D  /g*  1  H,  *  D-/g  (where  D  is  the  ship's  displacement  and  P2 
is  ths  weight 'of  the  Ice  floe.  For  the  case  of  impact  of  a  ship  against 
a  floe  with  a  circular  edge  radius  of  R  s  25  a,  we  obtain 


7  bow 


0.084 


(12.3) 


For  an  iapact  of  a  ship  against  an  infinite  ice  field  when  D^D^O, 
foraula  (16.4)  is  sinplifiad  and  takes  the  fora 


7  bow  "  0,084 


(12.4) 


In  formulas  (12.3)  and  (12.4),  the  displacement  of  the  ship  and 
weight  of  the  ice.floe  are  assumed  in  tone  and  the  crushing  strength  of 
the  ice  a  in  t/m  .  The  magnitude  of  the  cosine  of  the  angle  between  the 
normal  toCthe  side  and  axis  Xj  can  be  computed  with  adequate  accuracy  by 
foraula 


a  0,01am, 


(12.5) 


where  a  -  is  the  angle  between  a  tangent  to  the  waterline  at  the  point 
of  impact  and  the  longitudinal  plane,  in  degrees; 
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■  m  1.6  cm  6  +  0.11  -  id  a  coefficient,  calculated  in  dependence 
on  angle  6  in  Figure  23. 


For  convenience  in  calculating,  foreula  (12.3)  can  be  presented  in 
ita  ultiaate  fora 


5  bws  780  k°*^t  . 

■  -  V  : 


(12.6) 


ia  a  coefficient,  allowing  for  the  effect 
of  the  reduced  aasaea  of  the  ship  and  ice 
float 


* 

V  \400/  *  -  ia  a  coefficient  allowing  for  the  crushing 

strength  of  the  ice; 

ke~[2&)%  -  is  a  coefficient  allowing  for  the  reduced 

\2.35/  velocity  of  the  ship; 


tialt  (l  P 


is  a  coefficient  allowing  for  the  effect  of 
the  vertical  slope  of  the  fraae. 


Coefficients  k  ,  k 
Figures  20  to  23.  When  i 


:  ,  k  and 
computing 


kg  are  determined  froa  the  graphs  in 
tnese  coefficients,  a  ship  displacing 


Dj  =  10,0^0  t  striking  against  ice  having  a  crushing  strength  of  = 
a  400  t/a  was  used  as  a  standard. 


When  computing  the  magnitude  of  an  ice  load  on  the  side  framing  of 
the  bow,  the  following  order  of  calculations  must  be  observed: 


1.  the  values  of  angles  a  and  3  for  each  frame  line  are  taken -from 
the  line  drawing  (Figure  24).  For  ice  ships,  these  angles  are  taken  at 
the  level  of  the  load  waterline  and  for  icebreakers,  at  the  level  of  the 
designer's  waterline.  To  check  the  accuracy  of  assumed  angles  dr  and  3, 
it  is  necessary  to  construct  a  graph  of  the  changes  of  these  angles  (Figure 
25),  and  if  the  curves  are  not  adequately  even,  smooth  them  out  and  intro¬ 
duce  corrected  angles  into  the  calculations.  Particular  attention  must 
be  given  to  accuracy  in  calculating  angles  a  and  3  when  they  are  small. 

If,  for  any  hull  sector,  angle  3  ia  less  than  8°,  angle  3  should  be  taken 
as  equal  to  8°  for  that  sector; 


2.  coefficients  C'  and  C"  are  found  on  graphs  presented  in  Figures 
5  and  6,  depending  on  angle  3  and  the  relative  coordinate  of  the  point  of 
impact  x/L; 


3*  characteristic  =  0.01  am  is  calculated  by  formula  (12.5); 
4.  characteristic  Dj  is  calculated,  where  0^  is 

C'  +  C"  El 
°2 
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displaceasnt ,  taken  for  an  ica  ship  at  Its  load  waterline  and  for  an 
icebreaker,  its  grsataat  displacanant j  D  is  tha  weight  of  the  ica  floe. 
If  an  iapact  against  tha  sdgs  of  an  infinite  field  occurs,  instead  of 
chM|,*et«r**tic  Pi  ,  characteristic  Dj_  is  calculated,  inaasuch 

C*  ♦  C"  El  c' 

*>8 


as  in  this  situation  Dj^o.  Coefficient  k_  is  determined  from  the  graph 
presented  in  Figure  Dg  20,  depending  on  the  relationship  Dj 


Figure  21.  Values  of  coefficient  ko. 
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Figure  22. 


Figure  23. 


Valuea  of  coefficients  kg  and  m.  a-  3,  deg. 


5.  values  of  coefficients  k^ ,  k  and  kg  are  found  on  graphs  in 

Figures  21  to  23;  V 

6.  the  intensity  of  the  ice  load  is  computed  by  formula  (12.6) 
and  results  of  the  calculations  are  presented  in  the  form  of  a  graph 
(Figure  26,  curve  I); 

7.  a  final  curve  of  an  ice  load  on  the  bow  is  constructed.  It 
must  be  drawn  on  the  basis  of  calculations  of  the  strength  of  the  hull 
structures.  For  this,  it  is  necessary  to  square  (according  to  designing 
considerations,  considering  for  example,  the  spacing  of  lateral  bulkheads, 
etc. )  the  theoretical  loads  curve  obtained  in  paragraph  6  for  separate 
sectors  so  that  the  number  of  these  sectors  will  be  minimum  (two  to  three). 
When  doing  this,  it  should  be  kept  in  mind  that  the  ordinates  of  the 
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squared  curve  must  be  no  less  than  the  ordinates  of  the  load  curve  obtained 

in  paragraph  6. 


•  M 


Figure  24.  Determining  angles  a  and  0.  a-WL;  b -frame ;  c -point 
of  inpact;  d-LP;  e-buttock. 

The  ice  load  during  impact  against  an  ice  field,  taking  its  bending 
into  account,  should  be  determined  by  formula  (8.10)  where  the  depth  of 
crushing  Q  is  found  by  means  of  successive  approximations,  as  shown  in 
8.  To  accommodate  practical  calculations,  the  maximum  depth  of  crushing 
was  computed  for  a  series  of  ships  depending  on  the  thickness  and  ultimate 
crushing  strength  of  the  ice  a  ,  vertical  slope  of  the  side,  velocity  and 
displacement.  Results  of  these  calculations  were  compared  with  the  value 
of  the  depth  of  crushing,  conqruted  without  taking  bending  of  the  ice  field 
into  consideration.  As  a  result,  a  graph  of  correction  factors  was  con¬ 
structed,  making  it  possible  to  recalculate  the  intensity  of  an  ice  load 
during  impact  of  a  ship  against  an  ice  field,  allowing  for  bending  of  the 
field  from  a  known  magnitude  of  a  load  calculated  without  allowing  for 
the  bending. 

The  formula  for  computing  an  ice  load  during  impact  against:  the 
edge  of  an  ice  field,  taking  bending  of  the  latter  into  account,  has  the 

form 

(fbo.>b  -  V  k3  . 
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I  -  theoretical  load  without  considering  bending; 

II  -  theoretical  load  taking  bending  into  consideration; 
II  -  square  curve  of  the  load  (design). 


where  -  is  the  intensity  of  an  ice  load,  taking  bending  of 

the  field  into  account,  t/m; 

7  bow  -  is  the  intensity  of  an  ice  load  calculated  by  formula 

(12.6)  without  considering  bending  of  the  field,  t/ra; 

kj  -  is  a  coefficient  depending  on  the  ice  thickness  h  and 
characteristics  (vft  -  is  the  velocity  of  the 

V  C'o,  j  . 
ship,  m/sec)  (Figure  27); 

-  is  a  coefficient,  determined  from  Figure  28,  depending 
on  ice  thickness  h  and  vertical  slope  of  the  frame  0  in 
the  impact  area; 

k.  -  is  a  coefficient  calculated  according  to  Figure  29, 

depending  on  the  thickness  and  ultimate  crushing  strength 
of  the  ice. 
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The  procedure  for  calculating  an  ice  load,  allowing  for  bending 
of  the  ice  field  follows. 


The  ice  load  without  allowi  g  for  bending  of  the  ice  field  is  cal¬ 
culated  according  to  formula  (I2.b).  Then,  the  characteristic AllM.Y1* 
is  calculated.  AC'C  /  * 


Correction  factors  k. ,  k_  and  k.  are  determined  on  graphs ,  Figures 
27  to  29  and  the  intensity  of  the  ice^load  is  cogqmted  by  formula  (12.7). 

Ice  loads  are  calculated  for  side  framing  in  the  hull  aidsection 
on  the  basis  of  conditions  of  static  compression  on  the  ship  by  an  ice 
field.  In  doing  this,  cases  of  compression  on  ships  having  an  incline 
(0  ^  8°)  or  a  vertical  side  (P<8#)  in  the  midsection  are  considered  separately. 
For  ships  with  a  sloping  side,  considering  expression  (8.21)  and  (12.1), 
we  obtain 

0,312^  co^p 
*"id  (MjH'i.,* Inp* 


Substituting  expression  (7.6)  for  the  maximum  depth  of  crushing 
here,  we  find 


9  -  0.43  1/ Vfr* 

7mld  tin  8  V  2 R  * 


(12.8) 


Thus,  the  design  load  for  the  hull  midsection  will  depend  on  the 
slope  of  the  side  8,  ice  thickness  h,  and  its  strength  characteristics 
a  and  ab,  as  well  as  the  parameter  R,  characterizing  the  configuration 
of  the  ice's  edge.  To  evaluate  the  correspondence  of  design  loads  to 
real  ice  loads,  empirical  data  of  ships  operating  in  ice  should  be  used, 
selecting  ship  prototypes,  the  strength  of  which  has  been  proven  in  the 
defined  compression  conditions.  A  medium  power  icebreaker  and  a  UL 
(Arkt. ) -Class  icebreaker  cargo  ship  active  in  ice  navigation,  were  taken 
as  these  prototypes.  The  structural  strength  of  these  ships  in  the  mid¬ 
section  is  90  and  100  t/m  respectively.  The  thickness  of  an  ice  field 
in  whicn  these  ships  could  undergo  compression  without  suffering  notice¬ 
able  hull  damage  is:  for  a  medium  icebreaker  h  s  2.5  m  and  for  UL  (Arkt.) 
cargo  ships,  the  sides  of  which  have  considerably  less  slope  (8°  instead 
of  18°  on  the  icebreaker),  h  =  1.5  m.  For  medium  icebreakers  and  ships 
of  ice -strengthened  classes,  the  design  valug  for  the  ultimate  crushing 
strength  of  ice  can  be  taken  as  a  =  20g  t/m  and  the  design  value  for 
ultimate  bending  strength  =  l8o  t/m  .  Fog  heavy  icebreakers,  these 
values  should  be  increased  to  250  and  125  t/m *  respectively. 
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Figure  28.  Value*  of  coefficient  k^.  a-  0,  deg. 


Figure  29.  Values  of  coefficient  k^. 

Assuming  that  the  value  of  the  parameter  R  is  identical  for  the 
prototype  ship  and  the  ship  under  consideration  and  using  the  above- 
presented  formula  (12.8),  we  obtain,  in  a  general  situation 


^mid 


I 


where  the  terms  with  a  zero  index  relate  to  the  prototype  ship 


The  obtained  formula  can  be  presented  in  a  font  to  accommodate  practi¬ 
cal  calculations 

’.Id  ■  <“•»> 

where  kjJ  =  sin  3q  -  is  a  coefficient  allowing  for  the  effect  of  the 
sin  fcl  vertical  slope  of  the  side  (Figure  30); 


is  a  coefficient  allowing  for  the  effect  of 
ultimate  crushing  strength  of  the  ice  (Figure  31); 


is  a  coefficient  allowing  for  the  effect  of  the 
ultiaate  bending  strength  of  the  ice  (Figure  31); 

is  a  coefficient  for  the  effect  of  the  ice  thick¬ 
ness  (Figure  32). 


The  design  load^  for  ships  having  vertical  sides  is  calculated  ^ 
by. formula  (11.6),  if  we  place  Y  j  1  t^m  in  it  and  \i  =  0.34  and  E  =  4  .  10 
t/a  (for  salt  ice)  or  E  a  6  .  10  t/a  for  fresh  ice. 

Thus,  for  salt  ice 

7aid  .  62h  ~\fh  t/a, 

for  fresh  ice  (12.10) 

?mid  =  73h  Vh  t/m, 

where  h  is  the  design  ice  thickness  during  compression,  m. 


Ice  loads  which  act  on  the  stern  can  be  determined  from  a  condition 


of  an  impact  of  a  ship  against  the  ice  when  moving  astern  or  when  the  stern 
piles  up  on  the  edge  of  the  ice  during  yawing.  The  design  diagram  does 
not  differ  in  principle  from  the  design  diagram  of  impact  loads  taken  for 
the  bow.  However,  it  can  first  be  said  that  conditions  for  the  stern  are 
less  severe  than  for  the  bow  inasmuch  as  the  velocity  of  a  ship  moving 
astern  and  when  piling  up  on  the  edge  of  the  field  is  considerably  less 
than  its  forward  velocity.  Moreover,  the  stern  lines  of  ships  which  sail 
in  ice  are  extremely  well-suited  for  absorbing  ice  stresses  in  view  of  the 
large  slope  to  the  side  of  the  afterbody.  Therefore,  we  shall  designate 
the  magnitude  of  ice  loads  in  the  stern  as  fractions  of  the  maximum 
load  acting  on  the  bow, 


1  )  ' 
'bow  max 


(12.11) 


where  k  -  is  a  coefficient  designated  depending  on  the  ship  type  and 
class. 
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I.  1  8  W  9  M  H  B. 

Figure  30.  Values  of  the  coefficient  k^. 

I  -  for  icebreakers;  II  -  for  icebreakers  -  cargo  ships. 

a -degrees. 

For  icebreakers  k  >  0.7  is  used  but  the  load  must  be  at  least  30% 
greater  than  the  load  amidships  and  for  UL  (Arkt. ) -cl ass  ice  ships  k  = 

>0.5  but  the  load  9  must  be  at  least  10%  greater  than  the  load  amidships 

The  magnitude  of  coefficient  k  is  designated  on  the  basis  of  the 
condition  of  an  impact  by  the  stern  against  ice  at  a  velocity  of  4  to  5 
knots  for  icebreakers  and  1  to  2  knots  for  ice  ships.  Experience  gained 
in  construction  of  icebreakers  and  UL  (Arkt )-class  ships,  the  sterns  of 
which  were  strengthened  by  30  and  10%  respectively  in  comparison  with 
their  midsections,  was  taken  into  consideration  in  this.  The  length  of 
the  strengthened  area  of  the  stern  was  taken  as  20%  of  the  length  of  the 
ship,  computed  from  the  stern  perpendicular. 
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Figure  31.  Values  of  coefficients  Figure  32.  Values  of  coefficient 
k  and  k  .  k^.  I  -  for  icebreakers;  II  - 

c  b  for  ice  cargo  ships. 
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Table  4 


,  ,  ...  ...  rx-fr. 


Value  of  anges  0  and  or 


Houepa  nopmaacxu  maaaroyroa 


rpa*. 

'  a 

1 

2 

8 

4 

5 

< 

7 

8 

0 

10 

P  ' 

30 

27 

23 

17 

12 

8  ‘ 

8 

•  8 

t 

8- 

8 

90 

10 

18 

10/ 

4' 

1 

0 

0 

0 

• 

0 

Am  angles,  deg. ;  b-fraae  line  numbers. 


toggle.  We  shall  calculate  an  ice  load  on  the  side 
framing  of  a  UL  (Arkt. ) -class  cargo  ship  using  the  following 
initial  data:  displacement  =  10,000  t;  velocity  at  the  time 
of  impact  against  ice  field  v1  =  4  kts;  thickness  of  ice  field 
h  s  1.4  a^  ultimate  crushing  strength  of  £he  ice  in  impact  = 
s  350  t/ta  and  in  compression  or  «  175  t/m  ;  yltimat*  bending 
strength  of  the  ice  in  compression  e  90  t/m  . 

The  slopes  of  the  side  3  and  angles  between  the  tangent 
to  the  waterline  and  the  longitudinal  plane  or  are  presented  in 
Table  4.  The  ice  load  for  the  ship's  bow  is  computed  by  formula 
(12.6)  in  Table  5. 


Table  5 


Determining  the  ice  load  for  a  ship's  bow  without 
considering  bending  of  the  ice  field. 


rUpuierpu 


^Houepa  reopenaecKM  uiniHroyto* 


p  Kow{x}>Hm«HT  C' 

»  m 
4«*0,0I  wit 
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.*  UiV-il 
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1 

2 

3 

4 

5 

6 

7  ! 

2,79 

2,58 

2,00 

1,64 

1,32 

1.07' 

1,50 

1,64 

1,58 

1,64 

1,67 

1,68 

— 

0,300 

0,293 

0,263 

0,164 

0,067 

0,017 

0 

3580 

3060 

5000 

6100 

7580 

9350 

— 

1.20 

1,17 

1. 01 

0,65 

0,27 

0,07 

0 

0,66 

0,676 

0,74 

0,80 

0,88 

0,97 

0,926 

0,926 

0,926 

0,925 

0,925 

0.925 

—  • 

0,60 

0,68 

0,62 

0,37 

0.19 

0,050 

— 

2,02 

1,93 

1.80 

1,62 

.1,22 

1,00 

• 

140 

147 

166 

140 

i 

99 

35 

0 

a.  parameters;  b-frame  line  numbers;  c-coeff icient  C • ;  d-charac- 

e-v _ *  l^v^;  f -coefficient  k^;  g-intensity 

v  ,  t/m. 


teristic  D^/C'; 
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The  ice  load  for  tho  tall  axdsection  is  computed  by  foraula 
(12.9)  «s  for  a  ship  with  an  inclined  side* 

-  ,*jkckbV 

Vo  taka  tha  values  of  coafficiants  ki,  k  ,  k.  and  k,  froa 
the  graphs  prasantad  in  Figures  30  to  32:  pkJ  =  1,  k  =  0.94,  k 
.  0.92,  .  0.96.  Than  p  c 

*bo**  »/*• 


The  ica  load  in  tha  stern  calculated  by  foraula  (12. li),  f  - 
0.5  •  155  *  77.5  t/a.  Tha  ica  load  in  tha  stern,  taken  as  10%  s 
greater  than  tha  load  aaidshipe ,  ■  1.1  .  80  *88  t/a. 

He  take  the  larger  of  tha  two  obtained  values:  at  =  88  t/a. 

The  distribution  of  the  ica  load  along  the  length  of  a  ship 
is  presented  in  the  fora  of  a  curve  (Figure  26,  curve  III). 

The  ice  load  for  a  ship's  bow  is  coaputed  in  Table  6  according 
to  foraula  (12.7),  taking  bending  of  the  ice-field  into  consideration, 
with  a  given  ice  thickness  of  h,  1.4  a.  Tha  results  of  the  calcula¬ 
tions  are  presented  in  Figure  26,  curve  II. 

It  is  obvious  froa  Table  6  that  allowing  for  bending  peraits 
the  design  loads  for  the  bow  to  be  decreased  by  nearly  40%. 

Table  6 


Determining  ice  load  for  a  ship's  bow,  taking  bending 


a-paraneters;  b-fraae  line  nuabers;  c-load  without  considering 
bending  (Table  5)|  d-load,  taking  bending  into  consideration 

<?bo»  >b  =  wwy t/m- 
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13*  Loads  on  Shall  Plating. 


The  diaign  intensity  of  an  ica  load  on  aids  plating  is  calculated 
depending  on  the  Magnitude  of  contact  pressures  developing  during  breaking 
up  of  the  edge  of  the  ice.  The  analysis  of  interaction  between  a  ship's 
hull  and  ice  performed  in  3. , shows  that  the  contact  pressures  depend  on 
the  ease,  lines  and  velocity  of  the  ship  as  well  as  on  the  physical  and 
nechanical  characteristics  of  the  ice  and  specifically «  on  the  Magnitude 
of  the  coefficient  of  internal  friction  of  ths  interstitial  layer  f-  and 
its  thickness  <  (see  3.).  Adequately  reliable  data  concerning  the  Magni¬ 
tude  of  characteristics  and  C  of  natural  ice  cover  is  presently  not 
available.  Because  of  th£s,  it  is  difficult  to  nake  strict  determina- 
tion  of  the  design  Magnitude  of  contact  pressures.  Therefore,  when  cal¬ 
culating  ice  loads  on  plating,  we  are  forced  to  use  the  Method  of  con¬ 
verting  froM  a  prototype. 


Observations  show  that  the  distribution  area  of  an  external  load  on 
shell  plating  takes  the  fore  of  a  patch  stretching  along  the  ship  for  a 
distance  of  several  frane  s pacings.  This  provides  basis  to  assune  that 
on  the  sector  of  the  side  being  considered,  the  design  load  on  the  plating 
p  is  proportional  to  the  design  load  on  the  side  franing  f,  i.e. , 

t-f-  <«•» 

where  the  symbols  without  an  index  refer  to  the  ship  under  consideration 
and  the  synbols  with  a  aero  index  refer  to  the  prototype  ship. 


For  ships  sufficiently  close  in  size,  hull  lines  and  power  plant, 
operating  conditions  in  ice  can  be  considered  to  be  sinilar.  Consequently, 
paraneters  characterizing  the  physical  and  Mechanical  properties  of  ice, 
the  configuration  of  the  ice’s  edge  and  the  velocity  in  the  ice  will  be 
identical  for  both  ships: 

‘‘V,  R,  *• 


Moreover,  we  will  assune  that  the  intensity  of  ice  stresses  acting 
on  the  plating  depend  on  the  hull  shape  only  to  the  degree  at  which  it 
effects  the  force  of  iqact,  i.e.,  the  reduced  mass  of  the  ship  and  re¬ 
duced  velocity.  The  geometry  of  the  crushing  of  the  ice’s  edge  which 
is  a  function  of  the  vertical  slope  of  the  side  3  and  the  parameter  R, 
does  not  have  a  noticeable  effect  on  the  Magnitude  of  the  load  in  the 
given  case.  Therefore,  using  formulas  (13.1)  and  (12.3),  we  obtain  the 
following  expression  for  intensity  of  an  ice  load  on  plating  during  an 
impact  against  an  ice  floe 


P 


bow 


^bow^O 


(13.2) 
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In  c one  of  impact  «Q»imt  the  edge  of  on  ioo  field,  when 
formula  (13.2)  is  simplified: 


bo"'  °  (MtfkiClkt'#{t&' 


(13.3) 


The  relationship  of  the  displeeenent  of  ships  sinilsr  in  olenents 
con  bo  token  os  proportional  to  tbs  relatione  hip  of  the  linear  dimensions 
to  tho  third  power.  Then,  considering  tho  equality  of  the  velocities  v  ■ 
.  (v  )_  wo  write  formula  (13.3)  in  tho  following  forw:  * 


or 


-  (p_)0 

;  ^cc^(Mt 


bow 


!(TVt% 


(13.4) 


where  or  -  is  the  angle  between  tho  tangent  to  the  waterline  and  the 

longitudinal  plana,  degrees; 

L  and  1^  -  are  tho  leagtho  of  tho  ships,  a; 


lcJ  -  is  a  coefficient  allowing  for  the  effect  of  the  vertical 
P  slope  of  the  franes; 

^  (Mess ?+ 0.10* 

,  ^  .  (C)\  .  «?)V  . 

■  m  1.6  cos  6  +  0.11  -  is  a  coefficient  determined  from  the  graph  in 

Figure  23; 


k  -  is  a  coefficient  calculated  fron  data  on  the 
prototype  ship: 


,,2/5 


JSL .  llssaloj^jo 

WO*  r» 
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Values  of  coefficient  k  for  icebreakers  and  cargo  ships  of  various 
ice  classes  are  presented  in  Table  7* 
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Table  7 


Values  of  coefficient  k  for  icebreekers  and  cargo 
ships  of  various  ice  classes* 


a- type;  b-ship  class;  c -icebreakers;  d -cargo  ships;  e-UL  (Arkt) 
UL  L;  f -tugboats;  g-  UL  L;  h-*see  ship  classif ications  17; 
i-I  Class,  II  Class,  III  Class. 


The  procedure  for  determining  the  ice  load  on  bow  plating  follows. 
Angles  or  and  0  for  each  frame  line  are  taken  from  the  line  drawing  (Figure 
24),  graphs  are  constructed  and  the  corrected  values  for  these  angles  are 
found  (Figure  25).  Coefficient  C'  is  found  on  graph.  Figure  5,  depending 
on  angle  0  and  the  relative  coordinate  of  the  point  of  iapact  x/L.  Co¬ 
efficient  m  is  found  on  the  graph  in  Figure  23,  depending  on  angle  0. 

Then,  we  determine  the  coefficient 


and  coefficient  k  is  selected  from  Table  7.  The  intensity  of  the  ice 
load  on  the  plating  is  calculated  according  to  formula  (13.4)  and  the 
results  are  presented  in  the  form  of  a  graph  (Figure  33,  curve  I).  Then 
a  square  curve  for  the  ice  load  on  bow  plating  is  constructed  similarly- 
as  was  done  for  the  side  framing  (Figure  33,  curve  II).  . 


The  intensity  of  an  ice  load  on  the  midsection  of  a  ship  is  de¬ 
termined  from  conditions  of  compression  of  a  ship  in  the  ice  similarly 
as  done  for  the  bow.  Using  expressions  (12.8)  and  (13.1),  we  obtain 


pmid  “  *pmid*0 


V  ot  A* 

Y  <**>•  ’(*)?  '  ' 


where  symbols  with  a  zero  ind‘x  refer  to  the  prototype  ship. 


(13.5) 
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Figure  33.  Curve  of  ieo  loud  an  plating.  a-L*  i  b-L 

c-L^;  d-fraae  lima.  atmrn  ^ 

1  -  Theoretical  load}  II  -  Square  curve  of  load  (deaign). 

A  he«v*  icebreaker  and  an  icebreaker-cargo  ahlp  which  have  operated 
neap  yean  in  the  Arctic  were  ueed  aa  prototypes.  Hie  eovieene  ice  thick¬ 
ness  to  which  the  nidsection  of  aa  icebreaker-cargo  ahip  waa  exposed 
during  coapraseiop  waa  h  "2  1.5  a;  for  an  icebreaker,  it  can  be  aaauaed 
u  h  ■  4  e.  The  cona tract ion  strength*  of  the  aide  plating  waa  calculated 
by  the  foraula 

<»id>  •  <,3-6) 


where  -  ie  the  yield  strength  of  the  plating  Material,  kg/cn  ; 

6  -  is  the  plating  thickness,  an; 
a  -  is  the  fraae  spacing,  an. 


*  In  this  case  and  subsequently,  construction  strength  denotes 
the  Magnitude  of  the  external  ice  load  under  the  influence  of  which 
design  stresses  in  the  hull  nenbers  reach  their  ultinate  yield  strength. 


For  the  icebreaker  prototype,  when  a  *  2600  kg/cn  ,  6  =  40  nan  ang 
a  «  400  wu  we  find  according  to  fomula  (?3.6)  that  (p  .  )Q  =  52  kg/cm 
or  520  t/n  .  For  the  ship  prototype,  when  o  «  3600  kg/cn2  and  6  *  18  no 
and  a  *  400  an,  we  obtain  (P-id)0  *  *50  t/n2? 
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Assuming  for  icebreakers,  tho  ultimate  crushing  and  bonding  strength 
of  ice  as  (<T  )_  ■  250  t/s  end  (o  )  *  125  t/m*  respectively  and  ice  thick¬ 
ness  as  h  -  §  a,  and  for  cargo  ships*  (a  )  =  200  t/s  ,  (afa)  *  100  t/m  and 

h  s  1.5m,  ve  obtain,  according  to  (13.5) ,  rormilaa  for  calculating  the 
intensity  of  an  ice  load  on  aidship  plating: 

icebreakers 

p«id  =  I*  <13.7) 

cargo  ships 

pnid  *  0,60  V^h*,  t/a»,  (13.8) 


i 

I 

i 

I 

I 

¥ 

5 

I 


*  For  cargo  ships,  the  strength  characteristics  of  ice  are  assumed 
as  25%  lower  than  for  icebreakers,  which  can  sail  in  the  early  navigation 
period  when  the  ice  is  stronger. 


If  changes  in  the  strength  characteristics  of  ice  are  not  taken  in¬ 
to  consideration  when  converting  fro*  the  prototype  to  the  ship  being 
designed,-^—  ■»  *b~  «■  1  should  be  set  in  formula  (13. 5). 

<«*>••  («b)« 

Then,  for  icebreakers 


".id  "'■'.id’o  620  )/£-  820  fi ; 

for  UL  (Arkt.)  and  Ul-class  cargo  ships 

Vd  -  ^d^W ^=880^. 
¥  ft0  . 


(13.9) 


(13.10) 


It  should  be  noted  that  on  the  Majority  of  UL-class  ships  in  opera¬ 
tion,  the  correlation  between  carrying  capacity  of  bow  plating  and  midship 
plating  is  more  or  less  stable  and  on  an  average,  equals  two.  According 
to  Regulations  of  the  Register  of  Shipping  of  the  USSR  [40],  the  thick¬ 
ness  of  the  side  plating  ice  belt  for  a  section,  0.15  L  from  the  stem  of 
UL-class  ships  is  increased  60%  above  the  required  thickness  for  the  mid¬ 
section  of  an  unstrengthened  ship.  The  thickness  of  the  midship  hull 
plating  is  assumed  15%  greater  than  the  thickness  of  the  plating  of  a 
ship  not  having  an  ice  classification.  In  this  case 
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Thus,  the  load  on  the  elds  hip  hull  p latino  of  UL-ciass  cargo  chips 
should  bo  fixed  oitbor  by  fornula  (13.10)  or  by  Rsgulations  of  tho  Registry 
of  Shipping  of  tho  USSR,  aaeuning  tho  groator  ao  tho  dooign  value.  L-claaa 
cargo  ahipO*  hullo  are  not  rated  for  loo  conproooion  and  nidship  plating 
thicknoos  is  dooignatod  in  accordance  with  tho  Registry  of  Shipping. 

Tbe  intensity  of  an  ice  load  on  stern  plating  p  .  is  calculated  tho 
sans  as  for  side  franing,  i.o. ,  in  relation  to  the  design  value  of  the 
load  in  the  bow  (p^)^ 

pst  *  * (13.11) 

whore  K*  -  is  a  coefficient  of  the  sane  nagnitude  as  when  calculating 
the  load  for  side  franing. 

For  icebreakers,  k’  ■  0*7  (the  load  p  oust  be  at  least  30%  greater 
than  the  load  for  the  nidsection) j  for  UL  farkt. ) -class  ice  ships,  k*  * 

•  0.5  (load  p  oust  be  at  least  10%  greater  than  the  load  in  the  nidsec- 
tion).  * 

The  length  of  the  strengthened  area  of  plating  in  the  stern  is 
assuned  as  20%  of  the  length  of  the  ship.  For  L  and  UL-class  ships,  the 
design  load  for  stern  plating  is  sssunsd  the  sane  as  for  the  nidsection. 

fe&taplo.  Deternino  the  ice  load  on  the  plating  of  an  icebreaker 
fron  the  following  initial  data:  length  of  ship  L  ■  98  at  ice 
thickness  h  -  2.5  u  ultinate  crushing  strength  of  the  ice  in 
iapact  a  «  450  t/n  ;  ultinate  crushing  strength  of  the  ice  in 
coupressfon  <?c  •  220  t/n  ;  ^ultinate  bending  strength  of  the  ice 
in  compression  «  120  t/a* . 

The  vertical  slopes  of  the  franes  8  and  angles  a  between 
a  tangent  to  the  waterline  and  the  longitudinal  plane  are  pre¬ 
sented  in  Table  8.  The  ice  load  for  the  bow  is  coaputed  ac¬ 
cording  to  fornula  (13.4)  in  Table  9i  with  k  s  24  (see  Table  7). 

Using  fornula  (13.8),  we  find  for  the  nidsection  of  a  ship 
Peid  *  0,82 -0.53^2,6*-220  l20*- 258*  /■**.  \ 

For  the  stern,  we  determine ,  according  to  fornula  (13.11): 

P.t  "  k’  (pbow>nax  "  O'7  ’686  "  (**• 

The  curve  for  ice  loads  on  plating  is  presented  in  Figure  33. 
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Table  8, 


Values  of  angles  or  and  8 


Houepa  nopennccaoro  auHroyra 


an>M- 

i 

2 

3 

4 ' 

5 

6 

7  . 

8 

9  ' 

10 

P  . 

45 

44 

41 

36 

D 

D 

24 

20 

18 

18 

m 

23 

23 

23 

21 

18 

13 

9 

l 

4 

1 

0 

-  i 

a -angles ,  deg. ;  b-  fraaw  line  nuatf>ers. 

Table  9. 

Determining  the  ice  load  on  the  bow  plating  of  an 

icebreaker 


■ 

Hoaep  TBopenaecKoro  anaaroyn 

a 

i 

2 

■*  1 

Bft 

11 

n 

D1 

a 

koattauevT  C' 
c 

3.16 

m 

□ 

1,96 

1.61 

Q 

1,10 

□ 

KoatfaiuwHT  m 

1.24 

2,26 

1.47 

1.52 

1,57 

1,61 

.  .  m*  - 

1,18 

1 

1.24 

1,31 

1,36 

IB 

1.43 

1.46 

1.58 

1,48 

E9 

1.28 

1.21 

BS 

IB 

m 

a‘/i 

12.25 

M 

10,10 

7.85 

5,80 

i 

3,04 

v.jCl 

9  (C')*'* 

0,75 

H 

1,02 

1.12 

1.24 

1,39 

1,63 

565 

585 

645 

685 

665 

575 

475 

273 

14 
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Buie  bull  p«r— tw  which  effect  the  aaqnituda  of  ice  loads  in- 

elude: 

-  the  length  of  the  fore  parallel  Biddle  body  L  . _ j 

poow 

-  relationship  of  the  ship's  length  and  breadth  L/B; 

-  fere  waterplans  coefficient  0^1 

-  vertical  slope  of  f rases  0. 

TO  analyse  the  effect  of  the  paraneters  listed,  we  use  a  super¬ 
position  uethod  and  consider  the  effect  of  each  parameter  on  the  ice  load 
on  a  series  of  ships  with  various  bow  shapes,  displacing  D  =  10,000  t, 
and  striking  an  ice  field  at  a  speed  of  two  knots. 


Figure  34.  Line  drawing  of  waterline,  a-y;  c-Lbow 


The  bow  line  of  the  waterline  is  expressed  by  equation  in  the  form 

r-°-5B  [-&}!!  F-b(t)T  ■ 

where  B  -  is  the  breadth  of  the  ship; 

b  -  is  a  parameter  characterising  the  bow  waterplane} 

-  is  the  length  of  the  entrance,  equal  to  L  -  Lp  bw  (Figuro  34). 

2 


The  forward  waterplane  coefficient 

Sow 


0.5BL 


pbow 


v  °-5B 


dx 


0.5L  .  0.5B 


0.5L 


-86- 


Assuming 


Lpbow  “  k  2  H>ow  *  2  '  *pbow  “  2  (l'k)  ' 

we  obtain 

"b»  • 

The  effect  of  the  length  of  the  fore  parallel  Middle  body  on  the 
ice  load  was  investigated  with  k  *  0.3;  0.4  and  0.5;  L/B  =  7  and  a 

a  0.804;  and  the  effect  of  the  fore  waterplane  coefficient  was  in¬ 
vestigated  with  ar.__  *  0.768  (b  =  0.4);  or.  _  =  0.804  (b  *  -  0.05), 
a.  a  0.840  (b  =  -  0.5),  with  L/B  =  7  and  lT.  =  0.4  1/2. 

DOW  pDOW 

The  effect  of  the  ratio  L/B  was  investigated  for  L/B  a  6,  7  and  8 
with  Lpbw  =  0.4  L/2  and  =  0.804. 

The  ice  loads  of  the  variants  considered  were  conpared  for  ice¬ 
breaker  bow  shapes  with  identical  vertical  slopes  of  frames  0on  all 
variants.  Slope  angles  0  are  presented  in  Table  10.  For  an  evaluation 
of  the  effect  of  vertical  slope  of  the  fraae  0  on  ice  loads,  the  load 
for  a  ship  with  an  icebreaker  and  a  non-icebreaker  bow  shape  were  con¬ 
sidered.  The  results  of  the  calculations  are  presented  in  the  fora  of 
curves  of  ice  loads  in  Figures  35  to  38.  From  Figure  35*  it  is  obvious 
that  with  an  increase  in  the  length  of  the  parallel  Middle  body  and  all 
other  conditions  being  equal,  the  curve  of  inpact  loads  is  displaced  to 
the  forepart  of  the  ship,  proportionately  to  the  length  of  the  parallel 
Middle  body.  With  this,  there  is  a  growth  in  the  ice  load  in  the  area 
of  the  first  and  second  fraae  lines  with  an  increase  in  the  length  of 
the  parallel  Middle  body.  Curves  of  loads  on  ships  with  various  fore 
waterplane  coefficients  presented  in  Figure  36,  reveal  the  substantial 
effect  this  parameter  has  on  ice  loads.  A  decrease  in  the  waterplane-  co- 
effecient  a  causes  a  considerable  increase  in  loads  in  the  area  of  the 
third  and  firth  fraae  lines  (the  so-called  fore  shoulders  of  the  water¬ 
line).  This  is  explained  by  the  ii  crease  in  the  angles  between  the  tan¬ 
gent  to  the  waterline  and  the  longitudinal  plane  in  this  area.  For  a 
waterline  with  a  large  fore  waterplane  coefficient,  maximum  loads  move 
toward  the  stem  and  the  curve  of  ice  loads  has  no  maximum.  Curves  of 
loads  for  ships  with  various  ratios  L/B  with  L  .  =  0.2  L  and  a.  = 

s  0.804  are  presented  in  Figure  37*  From  the  figure,  it  follows  that 
the  ratio  of  a  ship's  length  to  its  breadth  has  a  comparatively  small 
effect  on  the  magnitude  of  ice  loads.  So,  with  L/B  =  8,  loads  decrease 
by  approximately  20%;  this  can  be  explained  by  the  decrease  in  the  angles 
between  the  tangent  to  the  waterline  and  the  longitudinal  plane  with  an 
increase  in  L/B.  Curves  of  loads  of  two  ships  having  different  verti¬ 
cal  slopes  to  their,  sides  are  presented  in  Figure  38*  (see  Table  10).  A 
comparison  of  these  curves  shows  that  the  ice  load  substantially  increases 
(by  an  average  of  50%)  when  the  slope  of  the  bow  fraaes  is  cut  in  half. 
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Table  10 


Values  for  angle  0 , * 


a-bov  hull  lines |  b-fraae  line  nuaber;  c -icebreaker ; 
d-non- ice breaker. 
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Figure  36. 


Effect  of  the  coefficient  of  fineness  of  waterline 
on  an  impact  ice  load,  a-frame  lines; 


c-L 


pbow' 


b  -a.  ; 

DOW 


Figure  37.  Effect  of  the  ratio  L/B  on  an  impact  ice  load. 

a-frame  lines:  b-L  , 

pbow 


8< 


Figure  38.  Effect  of  vertical  slope*  of  fraaes  on  an  iapact 
ice  load,  a-fraaa  lines. 


1 


Mon. icebreaker  shape;  XX 


Icebreaker  shape 


CHAPTER  IV 


DATA  ON  OPERATIONAL  EXPERIENCE  OF  SHIPS  UNDER  ICE  CONDITIONS. 
CLASSIFICATION  OP  SHIPS  SAILING  IN  ICE. 


15.  Ice  Damage  to  Hull  Structures  of  Icebreakers  and  Cargo  Ships. 


Study  and  analysis  of  ice  daaage  to  hull  structures  of  icebreakers 
and  cargo  ships,  the  construction  strength  of  which  is  known,  sake  it  pos¬ 
sible  to  compare  the  above  recommended  design  ice  loads  with  ice  loads 
which  actually  act  on  a  ship's  hull.  As  a  result  of  such  comparison,  it 
is  possible  to  determine  more  accurately  a  design  plan  for  calculating 
ice  loads  for  various  classes  of  ice  ships.  Detailed  analysis  of  ice 
damage  to  hull  structures  with  necessary  calculations  is  an  independent, 
large  volume  task.  Therefore,  only  several  conclusions  concerning  ice 
damage  to  ships  are  cited  below.  Damages  resulting  from  violations  of 
navigation  rules  and  tactics  for  sailing  in  ice  are  not  considered  here. 

When  examining  the  hulls  of  several  icebreakers,  it  became  clear 
that  they  all  had  ice  damages,  the  amount  and  nature  of  which  depended 
considerably  on  the  technical  condition  of  the  ship.  The  usual  types  of 
ice  damage  to  icebreakers'  hulls  are  dents  and  crimps  in  shell  plating, 
permanent  deflections  of  frames ,  loss  of  flexural  stability  of  frames 
and  beams,  and  disturbance  of  the  strength  of  riveted  joints.  Most  of 
the  damage  was  registered  in  the  area  of  the  ice  belt  as  well  as  on  the 
bottom  of  the  icebreaker's  bow.  Most  oi  the  damage  occurs  in  the  bow  which 
takes  impact  ice  loads.  Damage  to  icebreaker  midsections  resulting  from 
ice  compression  is  insignificant  in  comparison  with  bow  damage.  Most 
icebreaker  hull  damage  (dents  and  crimps  in  shell  plating,  permanent  de¬ 
flections  of  frames,  etc.)  is  characterized  by  an  insignificant  amount 
of  deflection  (up  to  50  mm)  and  does  not  present  a  danger  to  the  ship. 

More  severe  damage  to  hull  structures  with  deflections  up  to  200  mm  are 
observed  on  old  construction  icebreakers.  This  is  explained  by  the  con¬ 
siderable  wear  on  the  shell  plating  and  framing  over  a  long  period  of 
operation. 

It  should  be  noted  that  the  hull  strength  of  most  icebreakers 
which  have  been  constructed  is  adequate  and  ensi  res  accident-free  opera¬ 
tion  in  ice  conditions. 

Study  and  analysis  of  ice  damages  to  various  cargo  ships  make  it 
possible  to  make  the  following  generalizations. 

1.  Nearly  all  cargo  ships  sailing  in  ice  experience  ice  damage. 

The  amount  and  nature  of  these  damages  depend  on  the  technical  condition 
of  the  ships'  hulls  and  their  operating  conditions. 
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2.  The  most  characteristic  damages  to  cargo  shipo  include:  dents, 
crisps  and  loos  often,  cracks  and  fractures  in  the  shall  pit tings  bending, 
loss  of  stability  and  fracturing  of  franco,  stringers  and  knees s  and  ouch 
loss  often,  dancoo  to  docks,  platfom  and  transverse  bulkheads. 

3.  Ice  danage  is  usually  located  in  the  ice  bolt  of  the  bull  as 
mil  as  beneath  it.  Moot  danage  occurs  on  the  ship's  bow,  the  noot  severe 
danage  being  observed  in  the  area  whore  the  entrance  joins  the  parallel 
uiddle  body. 

4.  Bow  ice  danage  is  a  consequence  of  inpacts  of  the  hull  against 
ice |  danage  in  the  nidsection  of  the  hull  is  a  result  of  ice  compression. 
Permanent  da  fleet  ions  and  daige  of  hull  structures  in  the  bow  are  usually 
of  a  local  nature.  In  the  nidsection  of  the  hull,  damages  are  spread  over 
considerably  larger  sectors. 

$.  The  hulls  of  soae  cargo  shipo  of  various  ice  classes  have  in¬ 
adequate  strength.  In  a  number  of  cases,  this  is  explained  by  construc¬ 
tion  and  engineering  defects.  However,  as  a  rule,  inadequate  ice  strength 
of  cargo  ships  is  a  consequence  of  the  ice  class  not  actually  corresponding 
to  operating  conditions ,  especially  in  the  Arctic, early-navigation  period 
when  ice  conditions  are  most  severe. 


14.  Comparison  of  Construction  Strength  of  Ships  with  Design 

Ice  Loads. 


To  evaluate  the  correspondence  of  ships'  construction  strength  with 
their  actual  operating  conditions  in  ice,  it  is  necessary  to  select  magni¬ 
tudes  for  initial  parameters  determining  ice  loads  and  specifically,  the 
ship's  speed  before  striking  the  ice  and  their  strength  and  thickness. 

Thase  parameters  must  be  such  that  the  design  ice  strength  of  the  hull 
will  ensure  accident-free  ship  operation. 

To  determine  ice  loads  in  the  bow,  the  impact  of  a  ship  against  an 
ice  field  at  a  given  design  velocity  without  allowing  for  bending  of  the 
field  should  be  considered.  Loads  in  the  nidsection  should  be  calculated 
from  a  condition  of  compression  of  the  hull  in  ice  of  a  given  thickness, 
taking  bending  of  the  field  into  consideration.  Prom  this,  it  is  possible 
to  construct  a  curve  of  theoretical  loads  and  to  designate  design  ice  loads 
by  squaring  curvilinear  sections  of  the  curve  as  indicated  in  12.  and  13. 

The  velocities  obtained  as  design  velocities  are  the  maximum  permissible 
during  ispact  against  an  ice  massif  which  does  not  fracture  but  experiences 
only  local  crushing  strain  in  the  impact  area.  In  the  case  under  considera¬ 
tion,  it  is  assuid  that  small -si  zed  ice  floes  which  are  usually  located 
between  the  ship's  side  and  the  edge  of  the  ice  field  and  soften  the  im¬ 
pact,  are  absent.  Bending  of  the  ice  field  which  decreases  the  magnitude 
of  the  ice  load,  especially  during  movement  in  relatively  thin  ice,  is 
also  disregarded.  Naturally,  with  such  initial  conditions,  the  actual 
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operating  speeds  at  which  a  ship  can  son  in  ice  without  danaging  its 
hull  will  be  greater  than  the  selected  conditional  design  velocities. 

Table  11 

Design  velocities  for  iapact  against  ice  for  ships  of 


classes. 


Ship 

Ship 

Speed, 

type 

class 

kts. 

I 

12 

Icebreakers 

II 

8 

III 

6 

(JL  (Arkt) 

5 

iargo  ships 

UL 

2 

L 

0.7 

UL 

3 

fugboats 

L 

1.2 

Table  12 

Maximal  ice  thickness  during  ice  coapression  for  ice  ships. 


Ship  type 

Ship  class 

Ice  thickness,  m 

I 

4 

[cebreakers 

II 

3 

III 

2 

^argo  ships 

UL  (Arkt) 

1.5 

UL 

0.9 

UL 

0.7 

fugboats 

L 

0.3 

When  setting  design  velocities  and  ice  thicknesses  for  icebreakers, 
the  purpose  and  power  of  the  icebreakers  are  taken  into  consideration. 
Practice  shows  that  for  I-class,  heavy  icebreakers  (see  17.)«12  knots  can 
be  taken  as  the  design  velocity  of  impact  against  ice.  For  medium  ice¬ 
breakers  (II  class)  and  harbor  icebreakers  (III  class),  these  velocities 
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are  8  and  6  knots  respectively.  Design  velocities  for  cargo  ships  are 
designated  depending  on  the  ice  class  of  the  ships,  allowing  for  their 
movement  in  a  channel  behind  a  heavy  icebreaker.  In  doing  this,  atten¬ 
tion  was  given  to  operating  experience  of  ice  ships  which  proved  them- 
selves  well,  while  operating  in  ice. 


Conditional  design  velocities  of  iapact  against  ice  have  been  taken 
for  ice  ships  in  accordance  with  the  aforesaid.  (Table  11). 

«) 


Figure  4l.  Construction  and  design  strength  of  a  harbor  ice¬ 
breaker:  a-  plating;  b-side  fraaing.  design  load; 

theoretical  ice  load;  -  -  -  -  construction  strength. 

A-frame  lines. 


When  calculating  ice  loads,  the  strength  characteristics  of  the 
ice  are  assumed  in  accordance  with  data  presented  in  1.  for  Arctic  ice. 
For  cargo  ships  and  tugboats,  t)je  ultimate  crushing  strength  of  ice  in 
impact  is  taken  as  ac  =  400  t/m  ,  in  compression  O  =  200  t/m2  and  in 
bending  cr^  =  100  t/m  2.  For  icebreakers,  the  indicated  strength  charac¬ 
teristics  are  increased  by  2596  in  view  of  their  expeditionary  navigation 
in  the  early  navigational  periods.  The  Poisson  coefficient  is  assumed 
as  M  0.34;  specific  weight  of  ice  Y  =  0.87  t/m\  and  the  modulus  of 
normal  elasticity  in  compression  E  =  4  .  KT  t/m2.  Values  for  ice  thick¬ 
ness  at  which  the  midsection  does  not  undergo  serious  damages  in  the  pro¬ 
cess  of  compression  are  presented  in  Table  12. 
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L-class  ice  cargo  ships  aust  sail  during  favorable  ice  condi tions 
when  there  is  no  compression. 


4 


Figure  42.  Structural  and  design  strength  of  prototype: 
a-shell;  b-side  framing.  designed  load;  -  -  -  - 

structural  strength;  .....  theoretical  ice  load. 
A-frame  lines. 


Figures  39  and  40  present  graphs  of  the  construction  strength  of 
the  side  framing  of  a  heavy  and  medium  icebreaker,  as  well  as  values  of 
ice  loads,  obtained  by  calculations  for  the  corresponding  ice  navigating 
conditions.  Analogous  data  for  side  framing  and  plating  for  a  harbor  ice¬ 
breaker  is  presented  in  Figure  4l.  From  these  graphs,  it  is  obvious  that 
the  construction  strength  and  design  ice  loads  agree  with  each  other  as 
a  whole.  At  the  same  time,  it  is  known  from  operating  experience  that 
the  icebreakers  under  consideration  did  not  suffer  substantial  ice  damages. 

The  construction  strength  of  framing  at  the  extremities  of  a  heavy 
icebreaker  pioved  to  be  somewhat  greater  than  design  ice  loads.  For  a 
medium  icebreaker,  the  construction  strength  and  ice  loads  in  the  bow  and 
midsection  were  very  close.  Considering  that  icebreakers  must  quite  often 


■ow  astern  in  ice,  it  is  necessary  to  increase  the  strength  of  their  stern 
in  comparison  with  their  nidsection. 

Froa  Figure  4l,  it  is  seen  that  in  the  area  of  the  third  to  seventh 
fraae  lines,  the  strength  of  the  side  freeing  and  plating  is  so— what  lower 
than  required  by  calculations.  As  operating  experience  shows,  insignifi¬ 
cant  crisping  of  the  shell  plating  occurred  specifically  in  that  area. 


Figure  43.  Construction  and  design  strength  of  a  UL  (Arkt)- 
class  cargo  ship:  a  -  plating;  b-  side  framing. 

_  design  load;  -  -  -  -  construction  strength; 

theoretical  ice  load.  A -frame  lines. 

Further  operating  experience  of  icebreakers  will  permit  more  ac¬ 
curacy  to  be  introduced  when  designating  their  hull  strength  in  the  ice 
belt  area. 

Figure  42  presents  curves  of  the  construction  strength  of  side 
framing  and  plating  of  a  UL  (Arkt)-class  cargo  ship;  curves  of  design 
ice  load  are  also  constructed  there.  From  a  comparison  of  these  curves, 
it  follows  that  they  are  relatively  close  with  the  exception  of  the  area 
of  the  third  and  fifth  frame  lines  where  construction  strength  is  less 
than  design  strength.  This  situation  points  to  the  inadequate  strength 
of  the  side  plating  and  especially  of  the  framing  of  the  ship  in  the 
area  under  consideration,  which  is  the  juncture  of  the  bow  with  the  parallel 
middle  body.  Calculations  show  that  ice  loads  in  the  area  of  the  third 
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*nd  fifth  frames  attain  a  significant  magnitude  as  a  result  of  the  com- 

^*t^ely  "“J1  -lop*  to  **»•  •*<*•  *»d  sharp  transition  of  the  entrance 
with  the  parallel  Middle  body,  (feerating  experience  in  ice  completely 

conclusion,  inasmuch  as  a  large  part  of  ice  damage  to  plating 
and  especially  to  framing,  occurs  specifically  in  that  area  of  the  hull. 


*  °f  con-tructio*>  strength  of  side  fraaing  and  plating  of  one 

**1®  *hip*’  al*°  of  th®  ^  (Arkt.) -class  are  compared  in  Figure  *,3.  As 
the  figure  shows,  the  construction  strength  and  ice  loads  practically  coin¬ 
cide  over  the  entire  hull  length. 
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Figure  44.  Construction  strength  of  side  framing  of  UL-and  L- 
class  cargo  ships. 


I  -  UL,  D  =  11,179  t; 
IV  -  UL,  D  =  9,050  t; 
VII  -  L,  D  =  13,500  t. 


II  -  UL,  D  =  9,500  t; 
V  -  UL,  D  =11,080  tf 
a -frame  lines. 


Ill  -  UL,  D  r  10,450  t; 
VI  -  L,  D  =  12,700  t; 


Figure  44  presents  graphs  of  the  construction  strength  of  side 
framing  of  several  cargo  ships  of  various  ice  classes.  From  the  figure, 
it  is  obvious  that  the  construction  strength  of  a  series  of  ships  of  the 
same  ice  class  and  of  nearly  the  same  displacement  (dimensions)  fluctuates 
over  a  rather  wide  range.  The  excessively  high  hull  strength  of  several 
UL-claas  ships  displacing  11,170  t,  which  practically  correspond"!  to  the 
UL  (Arkto)-ice  class,  attracts  attention#  This  is  a  consequence  of  the 
present  practice  of  installing  ice  strengthening  on  ships  which  sail  in  the 
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ice  and  cannot  be  assumed  as  normal.  It  should  also  be  noted  that  UL-ice 
class  light  and  medium  ships,  as  a  rule  have  less  ice  strength  than  larger 
ships  of  that  sane  ice  class.  Therefore,  during  ice  compression,  the  in¬ 
tensity  of  which  does  not  depend  on  a  ship's  dimensions,  light-and  medium- 
cargo  ships  find  themselves  under  more  difficult  conditions  than  heavy 
ships  and  naturally  receive  considerable  ice  damage.  Construction  strength 
and  design  ice  loads  of  a  UL-class, medium, timber  carrier  are  compared  in 
Figure  45.  From  the  figure  it  is  obvious  that  the  strength  of  the  ship's 
plating  as  a  whole,  corresponds  to  the  design  ice  loads  except  in  the  area 
of  the  third  to  fifth  frame  lines,  where  it  is  inadequate.  The  strength 
of  midship  side  framing  is  considerably  less  than  the  strength  required 
for  ships  of  the  given  ice  class.  This  was  reflected  in  this  ship's  opera¬ 
tion.  During  ice  compression,  the  ship  received  heavy  ice  damages  in  the 
form  of  non-elastic  strains  in  the  hull  framing  amidships. 

b) 


a) 

am*  r 

T 

i 

lUU 

ion 

,  • 

1 

10  0 

•  ten 

| 

if*  r/p 

wu 

m 

120 

j 

#v 

60 

H 

i 

1 

|- 

— 

! 

T 

I 

T 

1 

30 

/  n 

i 

1 

WU 

80 

so 

”  — 

n 

T 

JO 

20 

fO 

7 

_L 

~T 

l 

X 

" 

■ 

— * 

“ 

— 

- 

• 

WJ 

20 

, 

. 

ft 

i  f 

0  (4  12  tO  £ 

>420 

20  II  t 

* 

4  12  II 

n 

2  # 

*  ATeopemuiemt  uimioqmu  kTeopttnoHUu  iiutpn  * 


Figure  45.  Construction  and  design  strength  of  a  medium, timber 
carrier:  a-  strength  of  framing;  b-strength  of  plating. 

design  load;  -  -  -  -  construction  strength.  A-frame  lines. 

Figure  46  presents  graphs  of  ice  loads  on  the  side  framing  of  cargo 
ships  displacing  10,000  t,  for  various  hull  lines  and  ice  classes  in  con¬ 
formity  with  the  classification  of  ice  ships  cited  in  17. 

A  number  of  assumptions  were  made  in  the  process  of  computing  the 
magnitude  of  ice  loads  when  performing  the  comparative  calculations  of 
the  strength  of  icebreakers  and  ice  class  cargo  ships;  therefore,  the 
estimate  of  the  construction  strength  of  ships  that  sail  in  ice  and  the  re¬ 
commendations  made  should  be  considered  as  preliminary,  requiring  intro¬ 
duction  of  corrections  as  additional  theoretical  and  experimental  data 
is  accumulated. 
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Figure  46.  Ice  loads  on  side  framing  of  cargo  ships  displacing 
10,000  t  of  various  ice  classes  and  having  various  hull  lines. 

_  design  load;  -  -  -  -  theoretical  ice  load. 

I  _  UL  (Arkt.)  icebreaker  fora;  II  -  UL,  non-icebreaker  fora; 
III-  UL  semi-icebreaker  fora;  IV  -  L  ,  non-icebreaker  form; 

V  -  L,  semi -icebreaker  form, 
a-  frame  lines. 


17.  Requirements  of  Various  Shipping  Registries  for  Ice  Strengthening 
of  Ships.  Proposals  for  Classifying  Ice  Ships. 

The  hull  strength  of  ice  ships  is  conditioned, to  a  considerable 
degree,  by  special  requirements  which  are  compiled  in  ship  classifica¬ 
tion  and  construction  regulations.  These  cargo  ship  construction  and 
strength  requirements  are  in  the  Rules  of  the  Register  of  Shipping  of 
the  USSR  as  well  as  in  the  rules  of  the  majority  of  leading  foreign  shipping 
registries  (British  Lloyd's,  French  Bureau  Veritas,  Finnish  Shipping  Coun¬ 
cil,  Norwegian  Veritas,  American  Bureau  of  Shipping).  The  basic  require¬ 
ments  of  the  listed  shipping  registries  regarding  ice  strengthening  of 
the  hull  are  presented  in  Table  13 • 

Icebreaker  construction  rules  are  not  regulated  by  any  of  the 
shipping  registries  with  the  exception  of  the  Norwegian  Veritas,  which 
for  the  first  time  in  1961,  published  rules  containing  icebreaker  classi¬ 
fications,  recommendations  concerning  hull  strength  and  construction, 
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Selection  of  lines,  designation  of  the  power  plant  capacity ,  etc. 

It  should  be  noted  that  in  the  various  rules,  the  length  of  strengthened 
areas  is  not  the  sane.  In  connection  with  this,  when  asking  coaparisons, 
it  is  conditionally  assumed  that  the  ratio  of  length  to  breadth  for  ice 
cargo  ships  is  about  seven  on  the  average.  It  is  possible  to  formulate  f, 
some  concept  of  the  degree  of  hull  strengthening  in  comparison  with  the 
hull  of  an  unstrengthened  ship  from  data  in  Table  13.  However,  it  is  dif¬ 
ficult  to  compare  strength  of  ships  constructed  according  to  rules  of  the 
various  shipping  registries  on  the  basis  of  the  presented  data  inasmuch  as 
they  designate  ice  strengthening  on  the  basis  of  different  operating  con¬ 
ditions  and  technical  proposals.  Moreover,  the  shipping  registries  use 
different  approaches  to  the  determination  of  scantlings  of  midship  framing 
and  plating  of  unreinforced  ships,  on  the  basis  of  which  supplementary 
strengthening  for  ice  class  ships  is  designated  as  a  rule.  Therefore, 

Tables  14  and  15  present  comparative  data  on  the  hull  strength  of  a  ship 
displacing  10,000  t,  selected  from  the  Rules  of  the  Registry  of  Shipping 
of  the  USSR,  British  Lloyd's,  and  Norwegian  Veritas. 

A  comparison  of  the  requirements  of  the  various  shipping  registries 
(Tables  13,  14  and  15)  shows  that: 

1.  of  the  foreign  shipping  registries,  British  Lloyd's  sets  the 

highest  requirements  for  ice  strengthening  of  ships;  « 

2.  the  hull  strength  of  I-class  ice  ships  of  British  Lloyd's  cor¬ 
responds  approximately  to  the  hull  strength  of  UL  class  ships  of  the  Re¬ 
gistry  of  Shipping  of  the  USSR.  The  strength  of  the  side  framing  of  the 
fore  body  according  to  Lloyd's  Regulations  is  approximately  35%  less  and 
in  the  midsection  is  25%  higher  than  according  to  Regulations  of  the  Re¬ 
gistry  of  Shipping  of  the  USSR.  The  plating  thickness  in  the  fore  body 
(for  a  length  of  0.15  L  from  the  stem)  is  1.5  ■■  greater  for  the  same  frame 
spacings , according  to  Lloyd's.  The  hull  strength  in  the  bow  of  a  ship  of 
the  highest  ice  class  IsA  of  Norwegian  Veritas,  is  less  than  the  hull- 
strength  of  UL-class  ships  of  the  Registry  of  Shipping  of  the  USSR  and  in 
the  midsection  and  stern,  it  is  approximately  the  same; 

3.  the  hull  strength  of  II-ice  class  ships  of  British  Lloyd's  and 
IsB-class  of  Norwegian  Veritas  is  greater  than  the  hull  strength  of  L-class 
ships  of  the  Registry  of  Shipping  of  the  USSR  and  Ill-class  ships  of  Lloyd's 
and  IsC-class  ships  of  Norwegian  Veritas  are  close  in  strength  to  L-class 
ships ; 

4.  there  is  no  ice  class  corresponding  to  the  UL  (Arkt.)of  the  Re¬ 
gistry  of  Shipping  of  the  US® stipulated  in  regulations  of  foreign  regis¬ 
tries.  There  are  no  specific  hull  strength  requirements  for  ships  of 
that  class  in  Regulations  of  the  Registry  of  Shipping  of  the  USSR; 

5.  a  general  deficiency  in  the  regulations  of  shipping  registries 
is  that  when  scantlings  of  hull  strength  braces  are  designated,  basic 
factors  on  which  the  magnitude  of  the  ice  load  depends  are  not  considered 
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at  all  or  are  inadequately  considered.  These  include  hull  lines,  ships' 
speed  in  ice  and  ice  thickness  and  strength} 

6.  requirements  for  ice  strengthening  of  ships  are  systemat  ically 
being  iaproved  and  node  more  severe.  For  exaaple,  in  Regulations  of  the 
Mtoruegian  Veritas  issued  in  1958*  there  were  instructions  concerning 
strengthening  of  only  one  1m  Class  IAIIs  and  in  the  1962  edition,  three 
ice  classes.  Is A,  IsB  and  IsC  were  stipulated.  Moreover,  in  19^1, Norwegian 
Veritas  published  rules  for  the  classification  and  construction  of  ice. 
breakers  for  the  first  tine. 

Considering  the  above ■  mentioned  defects  inherent  in  effective  re¬ 
gulations  as  well  as  the  existing  tendency  in  the  Soviet  maritim  fleet 
to  extend  the  Arctic  navigation  period  and  to  ensure  year-round  operation 
of  ports  in  frozen  sees  outside  the  Arctic,  the  Authors  propose  a  new,  sore 
complete  classification  of  ica  ships.  The  quantity  and  designations  of 
ica  classes  of  cargo  ships  end  tugboats  adopted  in  effective  Regulations 
of  the  Registry  of  Shipping  of  the  USSR  are  kept  under  the  proposed  classi¬ 
fication  system. 

For  the  first  time  in  Soviet  practice,  a  classification  is  made  of 
icebreakers  which  are  subdivided  into  classes  according  to  their  purpose 
and  ability  to  pass  through  ice,  determined  by  their  basic  dimensions  and 
power  plant  capacity,  all  other  conditions  being  equal.  In  accordance 
with  the  proposed  classification,  specific  recommendations  concerning  designs 
tion  of  scantlings  for  hull  structures  which  are  subject  to  ice  action 
era  presented  in  the  second  section  of  the  book.  Results  of  the  la  «t 
theoretical  research  in  the  field  of  ice  strength  as  well  as  experience 
in  design  and  operation  of  ice  ships  ware  considered  when  working  out 
these  recommendat ions , 

Acceptance  of  one  or  another  classification  for  ice  ships  is  doubt¬ 
lessly  the  prerogative  of  the  shipping  registries.  However,  the  authors 
hope  that  their  proposals  will  bo  of  use  and  will  be  taken  into  considera¬ 
tion  when  the  Regulations  of  the  Registry  of  Shipping  of  the  USSR  is  cor¬ 
rected  and  republished. 

Classification  of  icebreakers.  The  Polyamyy-Class  icebreaker  or 
I -class  is  the  designation  for  icebreakers  with  a  power  plant  capacity 
of  more  than  20,000  hp,  which  are  intended  for  making  channels;  conducting, 
breaking  around  and  towing  ships;  and  forcing  heavy  ice  dams  and  hummocked 
formations  in  Arctic  Seas  during  the  course  of  all  Arctic  navigation.  These 
icebreakers  can  also  be  used  in  the  wintertime  during  years  of  severe 
freezing  in  frozen,  non-Arctic  seas  (Baltic,  White,  Ckhotsk).  The  atomic 
ship,  Lenin.  (N  =  44,000  hp)  and  Moscow-class  icebreakers  (N=26,000  hp) 
can  be  included  in  this  class. 

The  medium  icebreaker  class  or  II-claes,  includes  icebreakers  with 
a  capacity  of  9,000  to  20,000  hp  which  are  intended  for  making  channels; 
conducting,  breaking  around  and  towing  ships;  and  forcing  icc  rfrms  and 
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hnmmncked  format iona  in  Arctic  so as  in  the  iiuwr  to  outran  period  and 
in  frozen,  non-Arctic  seas  in  the  winter  period.  These  icebreakers  work 
together  with  Polyamyy  icebreakers  in  conducting  ships  over  difficult, 
iced  sectors  of  the  route.  The  icebreakers  Sibir*  and  Krasin  can  be  counted 
in  this  class. 

The  harbor  icebreaker  class  or  Ill-class ,  includes  icebreakers  in¬ 
tended  to  operate  in  ports,  bays  and  roads  of  Arctic  seas  in  the  summer 
to  autumn  period  and  in  frozen,  non-Arctic  seas  in  the  winter  period,  as 
well  as  for  conducting  ships  together  with  icebreakers  of  heavier  classes. 

The  power  plant  capacity  of  icebreakers  of  this  class  can  fluctuate  over 
a  wide  range;  however,  it  is  usually  not  greater  than  5,000  to  6,000  hp. 

The  icebreakers  II 'ya  Muromets  (N  =  3,700  hp)  and  Ledokol-1  (N  *  5,400  hp) 
can  be  included  in  ships  of  this  class. 

Classification  of  ice  cargo  ships.  UL  (Artet. ) -class  includes  ships 
intended  for  systeaatic  navigation  in  Arctic  and  Antarctic  seas  throughout 
the  entire  navigation  period  under  icebreaker  conduct,  as  well  os  for  in¬ 
dependent  navigation  in  compact  ice  fields  up  to  0.5  ■  thick  and  in  very 
compact, coarsely-broken  ice.  Ships  of  this  class  should  be  given  ice¬ 
breaker  form  hull  lines,  at  least  in  the  fore  part.  The  strength  of  UL 
(Arkt. ) -class  ships  must  allow  them  to  endure  ice  compression  and  roughly 
corresponds  to  the  strength  of  Lena  and  Ampuema -class  ships.  The  power 
plant  capacity  must  be  chosen  to  allow  independent  navigation  in  ice. 

The  UL-class  includes  ships  intended  for  navigation  in  Arctic  and 
frozen  non-Arctic  seas  throughout  the  navigation  period  conducted  by  ice¬ 
breakers  and  in  open  pack  ice  independently.  Slips  of  this  class  can  be 
subjected  to  ice  compression.  The  UL-class  includes  the  largest  numerical 
group  of  cargo  ships  intended  for  navigation  in  ice. 

In  view  of  the  increased  demands  on  modern  ice  ships  occasioned  by 
the  commissioning  of  new, heavy , icebreakers  and  the  extension  of  the  naviga¬ 
tion  period  in  Arctic  and  non-Arctic  frozen  seas,  the  strength  of  ships 
of  the  class  under  consideration  must  be  somewhat  higher  than  the  strength 
of  constructed  UL-class  ships  of  the  Registry  of  Shipping  of  the  USSR  (in 
accordance  with  regulations  issued  in  1956).  It  is  advisable  to  give  UL-class 
ships  a  semi- icebreaker  form  bow  to  improve  their  ice  qualities. 

The  L-class  includes  ships  destined  to  sail  in  frozen  non-Arctic 
seas  and  in  the  summertime  of  years  of  moderate  and  light  freezing  in 
Arctic  Seaa,  L-class  ships  conducted  by  icebreakers  must  not  be  subjected 
to  ice  compression.  The  hull  strength  of  these  ships  roughly  corresponds 
to  the  strength  of  ships  constructed  in  accordance  with  the  requirements 
for  L-class  of  the  Registry  of  Shipping  of  the  USSR  (in  accordance  with 
regulations  issued  in  1956). 

Classification  of  tugboats.  The  UL-class  tugboat  includes  tugboats 
destined  to  conduct  and  tow  ships  in  frozen,  non-Arctic  seas  and  in  Arctic 
seas  in  the  summertime.  The  L-class  tugboat  includes  tugboats  destined 
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to  conduct  and  tow  ship*  in  ice  in  the  Blade  and  Caspian  Seas,  as  Kell 
as  in  the  southern  part  of  the  Baltic  Sea  and  Sea  of  Azov. 

UL-class  tugboats  should  be  given  icebreaker  lines  and  L-^lass 
tugboats,  seni -icebreaker  lines.  The  hull  strength  of  these  tugboats, 
according  to  the  new  class if ication,aust  be  somewhat  increased  over  the 
requirements  of  effective  regulations. 

For  example,  Figure  46  presents  design  ice  loads  on  side  framing 
for  cargo  hips  displacing  10,000  t  in  conforeance  with  the  classifica¬ 
tion  proposed  by  the  authors  (see  page  99). 


SECTION  TWO 


CAih  NATION  OF  THE  RESISTANCE  OF  HULL  STRUCTURES  TO  TW 
EFFECT  OF  ICE  LOADS 


CHAPTER  V 

STRENGTH  OF  SIDE  PLATING  AND  FRAMING* 


*  Materials  which  Engineer,  A.  A.  Bubyakin,  helped  develop  were  used 
when  writing  this  chapter. 


i8.  Designating  Scantlings  and  Deteraining  Ice  Belt  Plating  Thickness. 


The  side  plating  of  ice  ships  is  constantly  subjected  to  hydro¬ 
static  loans  whan  sailing  in  clear  water  and  to  the  effect  of  contact 
stresses  from  ice  cover.  Under  normal  operating  conditions,  plating  oust 
withstand  external  loads  without  receiving  non-elastic  strains.  Stresses 
caused  by  ica  considerably  exceed  in  intensity, hydrostatic  pressures; 
therefore,  i  !«.  structures  in  the  area  of  interaction  between  the  ship's 
hull  and  i-.e  should  be  calculated  exclusively  for  ice  loads.  A  test  of 
the  plating's  hydrostatic  head  strength  and  its  part  in  overall  bending 
can  be  required  only  in  rare  cases. 

Ic*.  ioitd  applications  are  usually  local  in  nature,  acting  on  a  re¬ 
latively  an*,H  sic  tor  along  the  ship's  side  (mainly  in  the  area  of  the 
effective  rater  line).  The  area  of  ice  load  application  increases  signi¬ 
ficantly  oi  1 )  curing  ice  compression  of  a  ship. 

An  i<-  baft  oi  increased  strength  to  absorb  ice  loads  is  installed 
on  all  ice  ships  and  icebreakers  in  the  area  of  the  side  which  is  directly 
subjected  to  i .  e  action.  Side  plating  in  the  area  of  the  ice  belt  is 
strengthened  >•;,  means  of  increasing  its  thickness  and  decreasing  the  dis¬ 
tance  between  panics.  High  tensile  steel  with  a  yield  stress  up  to  <J  = 
=45  to  50  L '..an'"  and  more, often  is  used  for  the  ice  belt  of  the  shelly 
plating,  'in:.;  ,uiows  the  weight  of  the  ice  strengthening  to  be  reduced. 

The  ice  he U  length  is  designated  depending  on  the  operating  con¬ 
ditions  and  type  ot  ship  and  is  regulated  by  regulations  of  the  shipping 
registries  ;  ;  ..  h  ice  class  individually.  Changes  in  the  ship's  draft 
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when  sailing  with  cargo  and  in  ballast,  and  possible  trim  and  \  iet  angles, 
as  well  as  pressing  up  of  the  hull  and  human  rking  of  ice  at  tha  hip's  side 
during  ice  compression  are  considered. 

The  largest  part  of  floating  ice  is  below  the  water,  i.e. ,  he  low 
the  effective  waterline.  Moreover,  a  substantial  nuaber  of  ice  ‘.l  >e3  are 
subaerged  by  the  hull  as  a  consequence  of  the  flare.  Th?  mir**  >■-  ? -pacts 
against  ice  experienced  by  t'te  underwater  part  of  the  hull  t<  t  to  this. 
The  underwater  part  of  the  h*.i)l  can  be  encospassed  by  ice  for  v  substantial 
distance  froa  the  stea  to  the  nidsection  and  froa  the  waterline  bn.  There¬ 
fore,  the  width  of  the  ice  belt  below  the  effective  waterline  «r"  h«  -jon- 
siderably  greater  than  its  width  above  the  water. 

Figure  47  presents  diagrams  of  the  location  of  the  ice  belt  on  sea 
cargo  ships  according  to  require aents  of  various  shipping  registries  and 
indicates  the  increase  in  thickness  of  the  ice  belt  plating  (by  percent) 
in  comparison  with  the  thickness  of  the  plating  in  the  midse~ti  ■  ■>'  ships 
which  are  not  ice  strengthened. 

Reconmendat ions  of  the  authors  for  designating  scantlings  for  the 
ice  belt  of  ice  ships  and  icebreakers,  based  on  an  analysis  of  experience 
in  the  design  and  operation  of  Soviet  ships,  are  presented  below.  In  making 
the  recommendations,  the  above-cited  considerations  of  the  nature  of  the 
interaction  between  a  ship's  hull  and  the  ice  were  taken  into  considera¬ 
tion  and  attention  was  given  to  lengthening  the  nav  gation  periods  in  the 
Arctic  and  frozen,  non-Arctic  seas,  extending  areas  of  ice  navigation,  etc. 

For  I -and  II-class  icebreakers,  displacement  of  which  varies  little, 
the  lower  edge  of  the  ice  belt  amidships  Bust  extend  at  least  3,300  mm 
below  the  waterline  corresponding  to  its  load  displacement.  This  lowering 
of  the  bottom  edge  of  the  ice  belt  corresponds  to  the  thickness  of  compact 
ice  in  which  these  icebreakers  can  operate.  At  the  same  time,  this  lowering 
will  be  adequate  when  the  icebreaker  is  required  to  operate  at  the  mnimura 
possible  draft  because  of  shallow  water.  The  upper  edge  of  the  ice  belt 
must  remain  at  least  80Q  mm  from  the  waterline  corresponding  to  the  ice¬ 
breaker's  maximum  draft.  Possible  listing  of  the  icebreaker  and  impacts 
against  hummocks  protruding  above  the  water's  surface  were  taken  into 
consideration  when  designating  these  scantlings.  For  Ill-class  icebreakers 
which  sail  under  less  severe  conditions,  the  ice  belt  width  con  v .  taken 
as  nearly  500  mm  above  water  and  on  the  order  of  1000  mm  underwater  (^rom 
the  waterline  corresponding  to  full  displacement).  Considering  that  dam¬ 
ages  in  the  fore  part  of  hulls  of  all  classes  of  icebreakers  are  observed 
much  lower  than  the  ice  bolt,  the  authors  suggest  that  the  ice  »’>?lt  in  that 
area  be  extended  completely  to  the  keel  for  a  distance  of  0.21.  a- tern  from 
the  forward  perpendicular.  The  lessening  of  the  height  of  the  ice  bolt 
in  the  transition  from  the  bow  area  to  the  midsection  must  be  n’.unml. 

Through  strokes  must  also  be  installed  above  and  below  the  ice  ’  •  •  ,  Ju; 
entire  length  of  the  ship. 

On  UL  (Arkt.)  and  UL-class  cargo  ships,  the  ice  belt  m  " ! 

650  mm  above  the  suamer  load  waterline  and  1,200  mm  below  the  ’•  -it 
waterline  amidships.  On  UL-class  tugboats,  the  ice  belt  must 
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above  the  waterline  corresponding  to  the  maximmm  draft  end  800  no  below 
the  waterline  corresponding  to  the  niwl—o  operating  draft.  On  L-class 
tugboats,  these  moss  reseats  ere  300  and  600  an  respectively.  Considering 
the  possibility  of  iapacts  by  ice  floes  against  the  underwater  part  of  the 
hull,  the  ice  belt  on  UL  (Arict. ) -class  ships  and  UL-cless  tugboats  should 
go  conpletely  down  to  the  heel  for  a  distance  of  0.2L  astern  froe  the  for¬ 
ward  perpendicular,  this  distance  can  be  reduced  to  0.1  L  on  I'l— class 
ships  and  L-class  tugboats.  The  require nente  for  transitional  areas  ltere 
are  the  sane  as  those  aaintained  for  icebreakers. 

Cta  L-class  ships,  the  ice  belt  is  installed  only  in  the  bow  for  a 
distance  of  at  least  0.2  L  free  the  forward  perpendicular*  and  extends 
400  ai  above  the  winter  load  waterline  and  900  an  below  the  ballast  water¬ 
line. 


*  It  is  advisable  to  extend  the  ice  belt  to  the  transition  area  between 
the  fore  part  and  tha  parallel  middle  body. 


*  • 

As  indicated  above,  local  strength  of  side  plating  in  the  area  of 
the  ice  belt  should  bo  calculated  for  ice  loads  only.  The  side  framing, 
decks  and  platforee  serve  as  a  rigid, index  contour  for  the  plating  and 
divide  it  into  a  series  of  rectangular  plates.  Distance  between  the  short 
sides  of  the  index  contour  c  is  usually  several  tines  greater  than  the 
frame  spacing  a.  The  design  ice  load  should  bo  applied  to  the  center  of 
the  plate  span.  In  this  case,  with  c/s  >  2.0,  the  rectangular  plate  can 
be  considered  as  an  infinite  band  with  a  width  of  s.  When  c/s  <  2.0,  the 
effect  of  the  short  sides  of  the  index  contour  should  be  considered.  Such 
calculations  can  be  required  when  there  are  frequently  placed,  bearer 
stringers  installed  to  support  the  franee  and  increase  the  carrying  capacity 
of  the  side  plating. 

The  procedure  for  calculating  bending  of  rectangular  plates,  in  both 
the  elastic  and  elasto-plastic  areas,  is  sufficiently  conpletely  developed. 
Therefore,  it  is  theoretically  possible  to  calculate  the  shell  plating  for 
an  ice  load  of  a  given  intensity.  The  basic  difficulty  consists  of  a  lack 
of  a  substantiated  procedure  for  designating  the  magnitude  of  the  design 
load  on  plating,  as  well  as  inadequate  knowledge  of  the  nature  of  load 
distribution.  There  have  been  various  calculation  methods.  A.  K. 

Osmolovskiy  [35]  and  Yu.  I.  Voskresenskiy  considered  the  work  of  plating 
in  elasto-plastic  and  plastic  zones,  deducing  all  dependencies  for  plates 
bending  a'ong  a  cylindrical  surface  (for  a  strip).  Along  with  this,  an 
attempt  was  made  to  determine  the  ice  loads  acting  on  a  hull  by  means  of 
analyzing  measured  strains  and  to  establish  corresponding  norms  of  strength. 
However,  the  procedure  of  calculating  external  loads  by  non-elastic,  strains 
remained  practically  unexploited.  Therefore,  at  the  present  time,  until 
it  becomes  possible  to  use  the  results  of  these  works,  direct  calculation 
of  actual  external  loads  on  plating  by  means  of  strain  is  extremeU  desirable. 
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A.  A.  Kmrdyumov  [28]  prapmi  that  tte  shall  plating  be  calculated 
as  a  strip,  rigidly  constrained  «.  fra— s.  The  intensity  of  axtornal  loads, 
in  this  c— a,  is  tafcan  as  equal  to  tha  ts^nrary  r—istanca  of  thg  ica  to 
broaking  up  (crashing),  which  for  local  loads  equals  a  *  600  t/a  .  In  tha 
fora  part  (0.29L),  in  coonaction  with  tha  dynsalc  action  of  tha  load,  its 
Magnitude  grows  by  50  to  100%.  Tha  adaissibla  stress  in  a  plats  is  assuasd 
—  equal  to  tha  yield  stress  of  the  — terial.  Thus,  tha  design  load  on 
plating  turns  out  to  ba  independent  of  tha  ship's  velocity,  bull  lines 
and  displace— nt.  For  —at  ships,  calculation  fay  this  — thod  leads  to  an 
increase  in  the  thickness  of  the  plating. 

In  N.  F.  Yershov'a  work  [17],  •  calculation  of  tha  critical  load  on 
a  ship's  plating  is  nada, allowing  for  inherent  thrust.  The  plate  is  con¬ 
sidered  —  being  a  siaply  supported  strip  and  the  critical  load  corresponds 
to  the  appearance  of  a  pi— tic  hinge  in  the  center  of  the  span.  As  should 
be  expected,  allowing  for  nenbrane  tensions  h—  an  influence  on  tha  Magni¬ 
tude  of  the  critical  load, only  for  s— 11  thickness—  and  large  fra—  s pacings 
which  are  not  characteristic  of  ice  ships. 

A  general  defect  of  the  above-cited  calculating  ays to—  is  the  absence 
of  a  link  between  calculation  of  design  external  stress—  for  the  freeing 
and  the  plating.  This  cannot  be  considered  correct  in— nuch  —  the  sa— 
external  load  is  acting  on  the  ship's  hull.  Moreover,  no  sharp  delinea¬ 
tion  was  —da  between  ships  by  cl— ses  and  the  cited  calculation  sys to¬ 
wers  not  a— lysed  froa  the  point  of  view  of  actual  ice  navigating  condi¬ 
tio—  fron  which, in  the  final  a— lysis,  require— nts  for  fraaing  and 
plating  strength  Must  origi— ta. 

In  hia  work  [531,  Yu.  A.  Shinanakiy  not—  that  the  strengths  of  side 
fraaing  and  plating  oust  be  found  in  relation  to  each  other.  In  order  to 
establish  the  degree  of  this  relatio— hip,  Yu.  A.  Shiaanskiy  introduces 
a  conditio— 1  gauge  —  the  Modulus  of  resistance  of  the  hull  side  plating 
depending  on  plating  thickness,  fra—  spacing,  critical  load  on  fraaing 
and  critical  stress  of  the  plating  —terial.  This  coefficient  aakas  .it 
pos sible  to  judge  only  the  relative  strength  of  the  fraaing  and  plating 
of  various  ships.  The  true  dependence  between  these  Magnitudes  actually 
re— i—  unestablished. 

Thus ,  the  above-cited  — thods  allowed  the  strength  of  a  ship  to  be 
calculated  according  to  the  known  strength  of  a  corresponding  ship-proto¬ 
type.  In  other  c— es,  they  yielded  satisfactory  results  for  only  a  de¬ 
termined  group  of  ships.  Use  of  the  d— ign  formulas  for  ships  of  other 
dimensions  and  cl— ses  led  to  either  an  overesti— te  or  an  unb— ed  reduc¬ 
tion  in  plating  thickness.  In  essence,  the  exter— 1  ice  1— d  actually 
acting  on  the  plating  was  not  determine d.  Where—  it  is  perfectly  clear 
that  ice  belt  plating  is  subjected  to  action  of  pressure  developing  in 
the  zone  of  contact  between  the  ship's  side  and  ice,  the  zone  of  ice  1— d 
application  to  plating  takes  the  form  of  a  patch  stretching  along  the  ship 
for  sever-i  fra—  spacings.  Therefore,  when  calculating  strength,  ice 
belt  plating  should  be  cons idered  —  a  plate  supported  on  a  rigid  contour 
and  rigidly  fixed  on  the  fra— s.  Shell  plates  oust  be  considered  —  rigid 


plates ,  disregarding  —brans  tensions  as  being  negligible  in  comparison 
with  flexural  stresses. 

Flexural  elenents  of  plating  under  the  effect  of  a  local  load  equally 
distributed  over  the  area  of  the  crushing  aone  (Figure  48),  can  be  computed 
as  the  corresponding  cylindrical  bending  elenents  of  plates  nultiplied  by 
correction  factors  k,  as  ninor  units  £48].  The  values  of  coefficient  as 
a  function  of  the  relationship  c/s  are  presented  in  Table  lb.  \<j  the  table 
shows,  when  c/s  >  1.4,  a  rectangular  plate  can  be  considered  a.--  infinite 
and  calculated  by  the  foraula  for  a  strip. 


Table  l() 


Value  of  correction  factor  kg. 


dt 

m 

B 

m 

Q 

1.0 

14 

1.4 

1.5 

1.8 

2.0 

O  * 

0,338 

0;578 

0,744 

0.854 

0,833 

0.066 

0,990 

i  •  .  _ _ 

0.996 

— 

* 

i.l 

We  shall  assume  that  the  strength  of  side  plating  is  assured  if  the 
maximum, normal, stresses  in  the  extrewe  fiber  acting  on  the  center  of  the 
loaded  edge  of  the  index  contour  do  not  exceed  the  yield  stress  c  of  the 
material.  The  design  bending  moment  in  the  indicated  section  of  ¥he  plate 
is  calculated  according  to  formula 

Mt«  (18.1) 


Figure  48.  Design  diagram  of  the  load  for  ice  belt  plating. 

Assuming  bending  to  bo  cylindrical,  for  extreme  fiber  stifles  of 
the  plate  we  obtain 
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whan  p  -  is  the  intensity  of  tho  ieo  load  on  tho  plating; 
•  -  is  tbs  frans  a pacing; 

8  -  is  tbs  plating  thickness. 


Assuming 
culating  shall 


that  fibar  yield  occurs,  we  obtain  a  final  foranla  for  cal- 
thicknass 


(18.3) 


2  2 

where  yield  stress  is  assuned  inkg/cn  ,  pressure  p  in  t/n  and  fi 
spacing  s, in  neters. 


When  stipulating  plating  thickness,  its  intensive  wear  in  the  pro¬ 
cess  of  the  ship's  operating  under  ice  conditions, should  be  taken  into 
consideration.  It  is  especially  iaportant  to  consider  the  wear  for  snail 
ships  with  relatively  thin  plating.  Designating  the  period  of  the  ship's 
service  (in  years)  by  t,  and  the  annual  wear  of  the  plating  (in  an)  by  A& , 
we  write  the  condition  of  the  plating  strength  at  the  end  of  an  operating 
period 


aLr-tw)  • 


(18.4) 


where  k  -  is  a  coefficient  equal  to  the  ratio  of  the  section  aoduli  in 
the  elastic  and  plastic  zones; 

-  is  the  plating  thickness  designated,  taking  its  wear  into  con¬ 
sideration. 


In  accordance  with  data  fron  operating  experience  of  ships  sailing 
in  ice,  A6  =  0.2  nn  can  be  assuned  as  average.  The  thickness  of  the  side 
plating,  taking  its  wear  into  consideration,  should  be  calculated  on  the 
basis  of  attainnent  of  a  plastic  hinge  in  the  abutnent  sections  of  the 
plate  (k  =  1.5), at  the  end  of  its  service  period  which  can  be  assuned  as 
twenty  years. 


Then,  substituting  values  k  and  t  in  formula  (l8.4),  we  obtain  an 
expression  for  calculating  plating  thickness,  taking  wear  into  considera¬ 
tion 


(18.5) 


6  <  22 


As  the  calculations  showed, 
i,  i.e,  when  s  ^ j  p  < 


formula  (18.5)  should  be  used  when 
0.1;  in  all  other  cases,  foraula 


(18.J)  should  be  used  since  the  condition  of  plate  strength  at  the  end 
of  the  service  period  is  also  observed  without  correcting  for  wear. 
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For  a  hi  pa  with  a  longitudinal  framing  system,  the  ratio  >/a  (where 
a  ia  the  diatance  between  longitudinal  atrangthening  riba,  t  is  the  dia- 
tance  between  the  abort  aidaa  of  the  index  contour),  uaually  exceeds  2.0 
Therefore,  formulas  (18.3)  and  (18.5)  can  alao  be  uaed, in  this  case,for 
deaigning  the  p la tea  of  ice  belt  plating. 


Egmgge.  We  aha  11  Calcutta  the  thickneaa  of  side  plating 
of  a  UL-claaa  ahip.  Length  of  ahip  L  •  120.6  a.  Frame  sp  icingr 
in  the  ends  and  aaidshipa  a  ■  362  am^  Plating  material  is  steel 
with  a  yield  stress  d  ■  3,500  kg/ca  .  Design  load  on  the  how 
plating  ia  calculated^ by  formula  (13.4);  a  calculation  of  the 
thickness  of  plating  for  this  area  of  the  hull  is  present*!  in 
Table  17. 


Intensity  of  the  ice  load  on  the  ship's  Midship  ajjd  stem 
plating  are  assumed  to  be  the  seas  end  equal  p  =  76  t/m  .  i hen, 
according  to  formula  (18.5) 


aid 


13,8  t M. 


Thus,  finally,  for  the  midship  and  atern  section,  it  should 

be  assumed  that  6  . .  =  6  .*  14  an,  and  for  the  bow,  6  2')  mm. 

mid  at  bow 

Table  17 

Calculating  bow  plating  thickness  for  a  UL-claaa  ahip. 


,«  * 

Parameters 

Theoretical  fram 

e  numbers 

i 

t 

1 

.  -4 

s 

■  «■  frame  numbers 

16 

16 

4 

14 

11,5 

8 

9.2 

9,2 

*8,3  . 

7,15 

5,3 

..  ft,  deg.  - 

17 

17 

13,5 

8 

3,5 

*; 

0,98 

i,o§ 

1.07 

1,29 

1,39 

- r 

A 

6,6 

e,5 

6,5  . 

6.5 

0,5 

306 

306 

306 

306  . 

300 

P  ' 

179,6 

192,4 

176,6 

183,5 

146,5 

■/i 

0,082 

0,085 

0,0812 

1 

0,08*1 

0,0, ’4 

specified 

19,1 

19,6 

19,0 

18,9 

17,6 

l,  MM 

actual 

20 

18 

18 

16 

14 

,  no  TIommsui  PerHCTpt 
a  CCCP  (nsx.  1056  r.). 

22,2 

19,8 

19,8 

'  — 

\u  1 

•?  of 


a- 


in  accordance  with  regulations  of  the  Registry  of  M 
the  USSR  (  1956  ed.). 


19.  Trass  of  Sid*  Grillages. 

As  m  rule ,  a  transverse  s.'stes  of  fraaing  Is  usod  for  aids  grillages 
of  icebreakers  and  iea  cargo  ships.  Along  with  this,  a  truss  f rasing  sys- 
tan  is  usod  in  Aasrican , shipbu i lding  practico.  Ob  Soviet ,L-c  lass  tanks rs 
Which  have  iea  strong then ing  in  the  bow  only,  a  longitudinal  f rasing  sys- 
tas  is  ussd  aaidshipa.  Various  types  of  ica  ship  side  grillages  haws  a 
nuaber  of  cosson  characteristic  features,  specifically  including:  reduced 
frass  spacing! ,  increased  thickness  of  shell  plating  in  the  ice  belt  area 
and  interaodiate  f rases  and  side  stringers,  as  well  as  single-cant  f rasing 
in  the  ext realties  which  provides  stability  to  the  f rases. 

The  aagnitude  of  the  frase  spacing  along  the  side  of  icebreakers 
and  ice-strengthened  classes  of  cargo  ships  is  300  to  450  as.  This  is  a 
result  of  the  facts  that  with  frase  spacing  of  less  than  300  as,  it  is 
difficult  to  perfors  high-quality  welding  of  the  shell  plating  to  the  side 
f rasing,  and  with  frase  spacing  greater  than  450  an,  plating  thickness  and 
weight  of  the  side  grillage  noticeably  increases. 


Figure  49.  Cross  section  of  the  hull  of  an  icebreaker-cargo 
ship  used  for  active,  ice  navigation. 
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Selection  of  *  certain  fraaing  eye tea  end  type  of  grillage  depend* 
on  the  purpose  end  class  of  ship.  The  class  of  a  ship, regulates  either 
obviously  or  indirectly,  the  aagnltude  of  the  design  ice  loads  and,  to  a 
certain  degree,  the  fora  of  hull  lines. 

Various  side  grillage  structures  of  ships  which  sail  in  ice  are 
considered  below. 

Side  orillaoe  with  transverse  fraaino  svstea  (Figure  49).  In  this 
case,  the  side  fraaing  consists  of  aain  and  interasdiate  frames.  Moreover, 
bearer  stringers  the  saas  height  as  the  aain  frames ,  can  be  installed. 

These  transfer  part  of  the  load  from  fraass  under  load  to  adjacent  frames. 
Scantlings  of  intermediate  fraaes  are  lass  than  or  the  same  as  those  of 
main  fraaes.  It  was  previously  considered  that  the  role  of  intermediate 
f rasas  consisted  only  of  strengthening  the  shell  plating.  Therefore,  their 
section  modulus  usually  did  not  exceed  50%  of  the  'section  modulus  of  the 
aain  fraaes.  Experience  has  shown  that  such  fraaes  are  often  damaged  and 
strained  along  with  the  shell  plating, when  it  is  damaged.  A  framing  sys¬ 
tem  with  different  fraae  profiles  provides  no  advantage  in  respect  to 
weight  characteristics  or  construction  technology.  Therefore,  since  the 
1950's,  a  system  of  aain  and  interasdiate  fraaes  of  the  sane  profile  has 
been  used  with  increasing  frequency.  This  tendency  is  reflected  in  the 
regulations  of  shipping  registries  (Lloyd's,  Finnish  Slipping  Council). 

This  type  of  grillage  is  widely  used  in  the  hold  area  of  ice  class,  dry, 
cargo  ships  since  it  makes  possible  a  gain  in  usable  cargo  spaces  and  has 
several  technological  advantages. 

The  side  grillage  of  the  Polish  construction.Bobruvskles -class  lumber 
carrier  can  be  considered  as  a  variant  of  a  type  of  grillage  with  a  trans¬ 
verse  fraaing  system.  The  fraaing  consists  of  main  fraaes,  bearer  stringers 
and  intermediate  fraaes  of  a  smaller  profile  than  the  main  frames.  In  ad¬ 
dition,  web  fraaes  (more  precisely,  reinforced)  of  the  same  height  as  the 
main  fraaes  but  with  a  substantially  increased  free  flange  are  installed 
through  three  or  four  fraae  spacings.  However,  even  in  this  case,  it  is 
advisable  to  use  intermediate  frames  with  a  reduced  profile. 

Another  variant  of  side  grillages  with  a  transverse  framing  system 
is  grillage  with  web  f reuses  and  side  stringers.  This  type  of  grillage, 
used  when  it  is  necessary  to  absorb  large  ice  loads  is  a  system  of  inter¬ 
secting  transverse  (sain,  intermediate  and  web  fraaes)  and  longitudinal 
(stringers)  beams  (Figure  50). 

Intermediate  fraaes  installed  the  whole  length  of  the  ice  belt  often 
have  the  same  profile  as  the  aain  frames.  When  doing  this,  it  is  attempted 
to  provide  the  sa am  coefficient  of  constraint  of  the  ends  of  the  main  and 
intermediate  fraaes.  This  type  of  grillage  has  found  wide  use  on  ice¬ 
breakers  and  icebreaker-cargo  ships  of  the  UL-and  UL  (Arkt. ) -classes ,  as 
well  as  in  the  fore  and  after  parts  and  engine  room  of  many  ships  of  other 
classes  [Moskva.  Voima  (Finland )-class  icebreakers  and  Lena,  pan  (Denmark )- 
class  icebreaker  cargo  ships]. 
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Figure  50.  Diagram  of  sain  frame  of  a  heavy  icebreaker, 
a-living  compartments ;  b-tank;  c-deaigner'a  waterline  (DWL). 

Side  grillage  with  truee  freeing  evaten  (Figure  51).  A  truss  freeing 
systee  was  used  on  Aeerican  icebreakers  of  tbe,lVindnand,,Glaciernclssa|.The 
freeing  fores  a  single  space  truss  consisting  of  side  frames  of  the  sees 
profile  and  longitudinal  bulkhead,  vertical  struts  joined  together  by  dia¬ 
gonal  strut  beans.  A  defect  in  the  system  is  that  the  compartments  are 
greatly  encumbered  and  its  technological  design  is  difficult.  In  view  of 
this,  the  truss  framing  system  on  "Wind-class"  icebreakers  is  only  used 
in  the  hull  midaection  which  is  nearly  a  true  semicircle  in  profile.  The 
framing  is  installed  in  a  transverse  system  in  the  extremities. 
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Figure  51.  Hull  framing  system  on  "Wind-class"  icebreakers, 
a-cross  section  at  25^  frame  (looking  forward);  b-cross  section 
at  68<k  frame  (looking  forward). 


20.  Side  framing  without  intersecting  braces. 

In  this  situation,  the  frames  should  be  considered  as  isolated  beams 
supported  on  non-sagging  support-decks  or  platforms  and  undergoing  an  ice 
load  Q  -  fB  (Figure  52).  The  load  intensity  is  calculated  as  shown  in  12., 
depending  on  displacement,  shape  of  hull  lines  and  ship's  velocity  ,  as 
well  as  on  the  physical  and  mechanical  characteristics  of  the  ice.  The 
load  can  also  be  directly  set  as  a  technical  task  for  design  of  a  ship. 
Since  the  width  of  the  zone  of  contact  between  the  side  and  the  ice  is 
usually  small,  in  comparison  with  the  frame  span,  the  external  load  can 
be  considered  as  being  concentrated. 

When  determining  side  framing  scantlings  or  checking  the  assumed 
dimensions  of  braces  for  ships  which  sail  in  ice  loaded, as  well  as  in 
ballast,  the  load  should  be  applied  to  the  center  of  the  frame  span  in 
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the  waterline  area.  For  example,  for  a  three-decker  (see  Figure  53)*  it 
is  necessary  to  check  the  fraae  strength  both  in  the  bilge  and  in  the  'tween 
deck*  applying  the  load  in  each  design  situation  to  the  center  of  the  ap¬ 
propriate  span. 


Figure  52.  Design  diagram  for  a  frame  with  side  grillage  without 
intersecting  braces. 

The  coefficients  of  yielding  of  the  elastic  constraint  of  the  frame 
ends  should  be  determined,  calculating  the  entire  fraae  web.  However,  they 
can  be  computed, approximately, by  using  the  method  of  successive  equilibra¬ 
tion  of  connection  points. 


The  method  of  constraining  the  ends  of  unloaded  units  of  the  web 
has  small  effect  on  the  unknown  magnitude  of  the  coefficient  of  yielding 
and  even  a  smaller  effect  on  the  magnitude  of  the  bending  moment  at  the 
joint.  Therefore,  for  unloaded  web  units,  it  is  possible  to  limit  one¬ 
self  to  two  forms  of  fastening  (rigid  fixing  or  simple  support),  selecting 
the  form  depending  on  the  structural  design  of  the  joint. 


The  coefficient  of  yielding  of  the  constraint^  ,  is  equal  to  the 


joint  rotation  a  with  the  action  of  a  single  moment: 
m 


S  */"» 

7-1 


(20.1) 


where  k .  is  the  stiffness  factor  of  bar  j  which  adjoins  joint  m; 

n  -  is  the  number  of  bars  converging  at  the  joint. 


end, 


For  a  bar,  rigidly  fixed  on  the  opposite  (not  adjoining  joint  m) 


3E<’ 

for  a  bar  simply  supported  on  the  opposite  end,  */m~  j  > 


where  i  -  is  the  moment  of  inertia  of  a  cross  section  of  the  bar; 
l  -  is  the  length  of  the  bar. 


Pigure  53.  Areas  of  ice  load  appli-  Figure  34.  Symbols  for  calculating 
cation  when  ship  is  underway,  loaded  coefficients  of  constraint  for  side 
and  in  ballast.  frame. 

We  shall  discuss  a  method  for  calculating  coefficients  of  constraint 
for  a  frame  of  a  three  decker  (Figure  54),  as  an  example.  Sections  II  and 
III  will  be  calculated. 

We  shall  calculate  the  coefficient  of  yielding  of  joint  I  for  sec¬ 
tion  II  according  to  the  diagram  presented  in  Figure  55a, 


(20.2) 


We  shall  calculate  the  coefficient  of  yielding  of  joint  2  of  section 
II  according  to  Figure  55b: 


1 


(20.3) 
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Figure  55-  Diagram  for  calculating  coefficient*  of  yielding: 
a-in  joint  1  for  section  II;  b-in  joint  2  for  section  II. 

Ve  shall  determine  the  coefficient  of  yielding  of  joint  2  for 
section  III  by  formula 

(20.4) 


Coefficients  of  yielding  for  other  structures  can  be  calculated 
similarly. 

It  is  advisable  to  reduce  expressions  for  coefficients  of  yielding 
of  elastic  constraint  to  a  dimension 

6 £<« 

P  I  *  (20.5) 


where  i,  t  .  are  the  moment  of  inertia  of  a  cross  section  and  the 
length  of  the  section  being  calculated  respectively. 

_ 2 

For  section  II  (Figure  54)  {  i  i  l  ’  | 

ti+tt 


p o  =  _ _  ...  . . . 

^  low  l2  +  JLJlJl 
TT“Tr  3  /,  4 


(20.6) 


Taking  the  aforesaid  into  account,  a  frame  is  calculated  according 
to  the  diagram  depicted  in  Figure  56. 


r,(t  — r,)((2- 


*i)  (2  +  P«)  —  <  1  +  jU  pi  ) 
)(2  +  P^-»  ’  ■ 


(2  +  Pi)  (2  +  Pi)  —  1 

mi  =  hO-d)[(»  +  ’i)(2+h)-(2-h)1  PI, ' 
*  (2  +  Pi)  (2  +  Pi)  —  1 


(20.7) 


where  1)  =  c/t 


Curves  of  bending  moments  which  act  on  a  frame  are  most  easily  con¬ 
structed  graphically  by  superposition  procedure  (Figure  57) • 


Figure  56.  Design  diagram  for  a  frame. 

Then,  the  bending  moment  in  the  frame  span  is  calculated  by  formula 

(20*8) 

Expression  (20.8)  can  be  written  in  the  form 

M^kqsl  lV  (*9Ci,>» 


where  k  -  is  a  numeral  coefficient  depending  on  the  number  of  decks, 
area  of  load  application,  and  method  of  fastening  the  frame 
ends; 

s  -  is  the  frame  spacing,  m; 

1  -  is  the  frame  span,  measured  along  a  chord  between  decks 
or  platforms,  m. 


(20.9) 


The  condition  of  frame  strength  is  expressed  by  foraaila 

°  tFmln 

/  2 

where  -  is  the  yield  stress  of  the  frame  material,  kg/cm  . 

The  minimum  section  modulus  of  the  frame  with  an  attached  flange 
of  plating  in  the  ice  belt  area: 


»y 


(20.10) 


When  calculating  the  magnitude  of  coefficient  k,  various  cases  of 
loading  a  frame  with  a  concentrated  tension  P  =  for  a  single-deck,  two- 
deck,-  and  three-deck  ship  are  considered.  The  lower  frames  are  considered 
to  be  rigidly  fastened  in  the  inner  bottom  and  the  upper  frames, elastically 
fastened  at  the  upper  deck  (calculations  have  shown  that  for  actual  struc¬ 
tures  0  =3)  can  be  assumed  as  an  average.  The  decks  and  platforms  are 

considered  to  be  rigid  supports  for  the  frame.  The  external  load  was  applied 
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to  the  cantor  of  tha  trmmm  ap an. 

Ha  cita  values  of  coafficianta  k  to  ba  antarad  into  fonatla  (ao.lO)t 
for  bilge  fraaas  of  sing  la  deck  ahipa,  k  *  15}  for  bilge  trmmm  of  shipa 
haring  two  or  more  decka,  k  *  l4j  for  trmmm  between  deeka  and  platfonw , 
k  *  16.5  (if  the  ice  belt  cover*  no  wore  than  1/3  of  tha  frene  agon)  and 
k  s  19*0  (if  the  ice  belt  cover*  more  than  X  of  tha  fraae  apan). 


Figure  57.  Bending  aoaent  diagram  for  a  fraae. 


For  intermediate  position*  on  the  edge  of  the  ice  belt*  tha  values 
of  coefficient  k  can  ba  computed  by  linear  interpolation. .  Formula  (30.10) 
is  used  for  calculating  side  fraaing  consisting  of  identical  fraaas  with 
their  ends  constrained  in  the  same  manner. 

In  a  situation  when  aain  and  intermediate  fraaes  have  the  aaaa  pro¬ 
file  but  their  end*  are  constrained  differently,  the  fraaes  should  be 
calculated, taking  into  account  their  actual  constraint  and  then,  for  a 
design  aonent,  taking-  the  aean  arithmetical  value  from  the  momenta  cal¬ 
culated  in  the  span  for  the  main  and  intermediate  fraae*. 

If  the  intermediate  frame  profile  is  substantially  saaller  than 
the  aain  fraae  profile  (V  of  intermediate  less  than  0.5  of  aain),  only 
the  main  fraaes  are  calculated.  In  this  situation,  the  design  load  is 
assumed  as  equaling  P  =  fa  ;,  where  is  the  aain  fraae  spacing.  Inter¬ 
mediate  frames  are  included  as  part  of  the  attached  flange  when  calculating 
the  elements  of  the  aain  frame  profile. 

Another  case  of  practical  interest  is  one  in  which  the  intermediate 
fraaes  do  not  reach  the  deck  and  button,  but  terminate  at  horizontal  shelves 
or  bearer  stringers  (Figure  58 )•  With  this  structural  arrangement  of  side 
framing,  an  intermediate  fraae  should  be  considered  as  a  beam  on  elastic 
supports  and  the  main  frame  as  being  additionally  loaded  with  reactions 
from  the  shelves. 

In  addition  to  checking  the  bending  strength  of  fraaes,  it  is 
necessary  to  check  the  resistance  of  abutaent  sections  to  action  of 
shearing  forces 

x  =  ^<,y=0,57cy*0,<fy  (20.11) 
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Minn  M|h  -  is  ahMring  force y 

a.  -  is  the  rsducsd  am  of  a  normal  section  of  tbs  frame  bulkheady 
for  an  I-beam  profits,  its  assn  valua  >  0.85«  (38]y 

c  -  is  tbs  ana  of  s  normal  soot  iota  of  the  frame  vail  together 
with  knees  (if  hnsss  srs  installed) y 

•  -  is  tha  shear  yield  stress  of  the  saterial. 


Figure  58.  Diagraa  of  side  framing  with  intermediate  frames  terminating 
on  shelves:  a-inte mediate  frame y  b-main  frame. 

Several  examples  of  calculating  scantlings  of  side  framing,  taken 
from  the  practice  of  designing  ice  a  hips,  are  considered  belov. 

First  example.  Check  the  scantlings  of  the  midship  side  framing  of 
a  two -deck  ship  with  a  load  capacity  of  10,000  t  (Figure  59).  The 
design  load  on  the  framing  fm  100  t/a.  He  assume  the  load  to  be 
applied  a  distance  of  c  «  1.5  n  belov  the  deck.  When  calculating, 
we  shall  allow  for  a  differant  degree  of  constraint  on  the  ends  of 
the  main  and  intermediate  frames. 

Design  conditions:  l  =  7.0  n,  t.=  4.0  n.  t  «  1.9  m;  , 
i  .  17.0  .  10^  cm*,  i  .  i,  i  m  4.73  7  l<r  cm'  j  ■  »  W  «  775  cm*  , 

H2  =  268  cwr  \  s  =  0.4  m,  c  m  1.5  m,  'c  •  5*5  ■{  P  •  ya  •  40  t. 

1.  Main  frame  calculation.  He  shall  determine  coefficients 
for  g: 


llfV  l| 

H-0. 
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Figure  59*  Design  diagram  far 
checking  the  strength  of  side 
framing  of  a  ship  with  a  load 
capacity  of  10,000  tj  a-  Min 
franej  b-intensediate  fraae. 


Figure  60.  Design  diagram 
for  calculating  bending  manta 
in  a  'tween  deck  bean  aid  fraae 


We  calculate  support 
c  1,5 


l 


its: 

0414.  1-i-O.TK; 


m>_0,214.0>W6(l,7a5-2~1414)7  ^ 

1.706)^  _  mtju 

2,72-2—1 

Moment  in  the  span 

4°' —  ^16,1  +  -M-(25-  1«,1)J  -  24.1  W 

Bending  aoaents  in  'tween  deck  beam  and  fraae  (Figure  60). 


atf. 


■rl 


25 


1 


i  +  l*’ ll  1  + -1 ■  -M- 
h  l*  17,0  1.0 

m,  -  -12,36 


12,35  ts. 


A  curve  of  bending  moments  is  presented  in  Figure  6l. 


2.  Intermediate  frame  calculation.  Ve  determine  coefficients 


tKkJtn 


Flour*  61.  Curve  of  binding 
Support  aoiiBta 

01, .0;  MH«*H 

.  1  8,MS 

Monent  in  ap*n 


a  for  n*in  f: 


•7- 18,7 1  /*. 


+  JdL  <*,T_0>]  -  *8.1  M- 


A*  •  duiga  mint  for  the  from,  w  take  it*  man  value 
fron  the  values  date reined  for  the  min  and  intarmdiata  franei 


>S.lt  *• 


jSsiiAL.is.its. 

the  malm  tensions  in  the  from  span 

Mtos  «.>■!»  ; 

.  -  y  T  '  775  r :•  ..  - 

-  -  4ooaco/c**. 

We  check  the  resistance  of  a  half-bean  to  the  action  of  end 
rnt.  The  length  of  the  bean  knee  «  0.65  n;  *  1.90  n. 


Figure  62.  Curve  of  bending  nomnts  for  a  bean. 

The  design  bending  sonant  in  a  section  at  the  end  of  the 
knee  (Figure  62) 

Af?  -  12^6. Wits, 

Maximum  bending  stress  in  the  bean 

•  -  -  1030k  fern*  <*y- 4000k «*». 

W  i  288 
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ftmnt  irtil*.  htrarip  atrami  in  tin  «I4»  framing 
of  an  icobroakor  tugboat*  A  daaiga  diagna  is  presented  in  Figure 
63,  Oaaign  load?  ■  40  t/n  appliad  to  tha  oantar  of  apan  l  . 
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a  '  . 

f  : 
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Figure  63.  Diagraa  for  calculating  side  freeing  of  an 
icebreaker  tugboat:  a-grillage  diagraa)  b-aain  frase; 
c-interaediate  fraaa. 


ft 


Design,  data:  *  .  4.0  a,  I.  -  2.2  ■)  c  ■  1.9  n,  a  -  0.3  ■) 
iQ  .  8720  ca',  ired  .  5110  ca4;  VQ  .  434  ca3  (bulb  fUt  bar  24a), 

w  .  *  293  ca3  (bulp  flat  bar  20b);  c.»  0.8  a,  c.  •  1.0  ■)  P  * 
»?a  m  12  t.  Material  ia  ateal  with  a*  ■  2,400  kg/ca  . 


Maxiaua  bending  aiaent  in  the  aide  fraaa 
Figure  63,  c 


1214 

4 


6,6 1  m. 


corresponds  to 


a 

? 


Mtuciaua  bending  stresses 

•  -  ~~  -  2250kg/c*»  <  y  -  MOOkQ/ee*. 

Bending  aoaents  in  the  aain  fraaa  span  are  deterained  in 
accordance  with  Figure  63 ,  b 

r  M  _  6’0,8«3,2 .  imt  .. 

'■bpari  4  (  in  the  span  froa  P/2  ■  6  a  at  Cj)| 

'  fcpan  4  “4,B  **  (  in  the  span  froa  P/2  ■  6  a  at  c^) 

ft  -7 y  t<  (in  the  span  froa  P  *  12  a). 
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1 


Ota  the  support 


Piguro  64.  Curve  of  bonding  no— nto  for  Mia  fraa». 

Vo  sholl  determine  tho  ooxioun  bonding  MNoant  in  tho  opon. 
of  tho  noin  fr«M  graphically,  constructing  a  curve  of  bonding 
■OMonts  (Piguro  74):  Mw  ■  10.3  tn. 

Bending  stress 

,  -  -BL12L  .  2370 ka (cm*  <  v-  2400k(pcjH*. 

434  -  w- 
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A  ship's  hull  is 
bott«i  decks  and  platfora 
joinad  together.  We  shall 
diaensional.  In  nost 


aggregate  of  a  nuaber  of  grillages  —  sides, 
■  and  longitudinal  and  transverse  bulkheads 
considar  all  thses  coverings  as  being  two- 
known  aathods  far  calculating 


coverings  can  ba  usad  for  calculating  ships*  grillages, 
prauisas  ara  generally  accaptad  and  consist  of  tha  followings 


1.  tha  griiiaga  is  considarad  as  a  aystan  of  baa—  intarsacting 
at  right  anglas.  Whan  expanding  tha  statistical  indatarninata  font  of 
this  systeu,  it  is  asssinad  that  tbara  is  only  ons  bracing  in  tha  joints 
(points  whore  beans  intersect)*  causing  a  vortical  reaction*  noruel  to 
tha  plana  of  tha  grillagat 


2.  tha  plates  of  tha  shall  fulfill  two  functional  first*  they 
absorb  the  external  load  and  transnit  it  to  tha  grillage  beans.  Secondly* 
they  taka  part  in  the  banding  of  those  beans  as  attached  flanges. 

We  shall  consider  an  ice  load  applied  along  a  line  on  a  sector  be¬ 
tween  transverse  bulkheads  or  between  web  f rases.  Whan  necessary*  tbs 
grillage  can  ba  calculated*  taking  tha  actual  length  of  load  distribution 
into  consideration.  We  shall  taka  as  a  design  case*  a  situation  in  which 
the  web  fraass  can  bo  considered  as  rigid  supports  far  a  stringer.  A 
design  diagrsn  of  the  grillage  is  presented  in  figure  05,  vbsrs  s  is  the 
fraie  spacing*  L  is  the  stringer  span,  t  Is  the  f  ram  spam,  n  is  tha 
nuabar  of  fraae  epacinge  between  web  frame,  i  is  the  mmnt  of  inertia 
of  tha  fraae  and  I  is  the  sonant  of  inertia  of  the  stringer. 


When  there  is  an  adequately  large  nuabar  of  fraass  (aore  than  five 
or  six),  a  stringer  should  be  considered  as  a  bean  on  an  elastic  founda¬ 
tion  with  inflexibility 

.  El 

<**•»> 

•a 

where  Y  -  is  the  coefficient  for  the  effect  of  the  reaction  of  the 
stringer  to  the  fraae  deflection  in  the  joint  deterained  for  unit  force 
according  to  the  design  diagraa  in  Figure  66  (Y  »  v^  ). 

Coefficients  of  yielding  of  the  elastic  constraint  of  the  fraae 
ends%  are  deterained  according  to  the  procedure  described  in  20. 


The  given  load  for  which  the  stringer  is  being  calculated  will  have 
a. varying  fora,  depending  on  the  type  of  load  acting  on  the  grillage. 

With  load  p  equally  distributed  over  the  entire  grillage  surface*  tha 
stringer  should  be  considered  as  a  bean  on  an  elastic  foundation  under 
the  effect  of  an  equally  distributed  load 


.  T 


(21.2) 
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dm  8  -  la  a  coefficient  for  the  effect  of  the  extera*l  load  on  the 
front  deflection  in  tin  joint,  deteroined  t»rr*  design  dUgrai  (Piguro  67). 
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Piguro  65.  Schoootic  diagran  of  side  span  with  one  x-shaped 
tie. 
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Piguro  66.  Oiagran  for  do to  mining  coofficiont  y. 


With  load  f ,  equally  distributed  along  lino  y  -  b  (Figure  68). 


f- 


(21.3) 


Coefficient  8  is  date mi nod  according  to  the  design  diagram  pre¬ 
sented  in  Piguro  69.  If  a  load  is  applied  directly  to  the  stringer,  b  « 
«  c,  Y  ■  8  and  f «  ?. 


Piguro  67.  Diagram  for  calculating  coefficient  8  in  the  case 
of  an  equally  distributed  external  load. 
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With  a  concentrated  load  P  applied  to  a  fraa*  at  section  s  »  QL 
(figure  70),  the  stringer  should  be  calculated  for  action  o f  tbs  giren 
concentrated  force  P«3/Y  P,  applied  to  it  at  point  x  ■  CL*  Coefficient 
0  for  this  situation  will  be  deteruined  according  to  the  design  dlegran 
in  Figure  69*  When  b  ■  c,  (force  acts  directly  on  the  stringer) ,  |  ■  Y 
and  P  -  P. 


Flexural  elenenta  of  the  (Tillage  for  an  equally  distributed  lead 
arc  eiprjcwd  in  Bubnov  functions  t  xO  (u),  xl  (u),  x2  (u),  |i  (u)  and  r  (u) 


The  bending 


Bending 


int  in  the  center  of  a  crossbean  span 


■ant  in  abutnent  section 


Shearing  force  in  abutnent  section 


«<«>!• 


(81.4) 


(81.5) 


(81.6) 


Figure  68.  Oiagran  of  grillage  loaded  along  a  line  by  an  equally 
distributed  external  load. 

For  a  concentrated  load  applied  at  point  x  •  (L,  flexural  grillage 
elenenta  are  expressed  in  functions  >L  (u(|),  M.  (u(,  r  (uC),  t.  (**0  •nd 
♦2  (u^),  cited  in  [42], 


The  bending  noawnt  at  the  center  of  the  span 


Alp^ll Pica —*)+»(«.  C)  +  *M,(S,  OJ. 

Bending  sonant  in  abutnent  section 

AibqT  *L%Ma  («»  9- 

Shearing  force  in  abutnent  section 

&uF  H*1  C)  + 

+  Ql’ 


(81.7) 


(81,8) 


(81.9) 
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Figure  69.  Diagraa  for  deteraining  coofficiont  0  when  there  ia 
an  equally  distributed  load  along  a  line. 


For  a  load  distributed  over  part  of  the  length  of  the  grillage,  we 
can  write 

Analogous  expressions  can  be  obtained  for  all  other  flexural  ele- 
aants.  Integrals  appearing  in  expression  (21.10)  are  coeputed  by  any 
aethod  of  nuaerical  integration  in  tabular  fora. 

Whan  calculating  grillage  for  ice  load  action,  it  is  necessary  to 
Shock  the  strength  of  stringers  by  applying  a  load  directly  to  then  and 
the  streqfth  of  the  fraaes,by  applying  a  load  in  the  fraae  span  between 
a  stringer  and  deck  or  in  the  span  between  stringers.  Bending  stresses 
in  the  span  center  and  in  the  abutaent  sections  of  the  stringer  are  cal¬ 
culated.  They  aust  not  exceed  the  yield  stress  of  the  aaterial 

(21.11) 

I 

where  W  .  -  is  the  ainiaua  section  aodulus  of  the  stringer  with  the  at¬ 

tached  flange  of  the  plating. 


Figure  70.  Diagraa  of  grillage  loaded  with  a  concentrated  force. 


Moreover,  stringer  abutaent  sections  should  be  checked  for  action 
of  shearing  forces 


(21.12) 


where  o>  -  is  the  total  cross-sectional  area  of  the  stringer  wall  and  knee. 
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The  Itmgth  is  MlonUUd  for  an  extra—  fra—,  if  tio  stringer  is 
co— idersd  as  s  rigid  support  and  for  a  niddle  fra—  as  for  a  be—  with 
a  displsood  support  (Figure  71*  whsra  Q  ■  9  with  action  of  a  concentrated 
fores  and  Q  «fs  with  action  of  a  load  squally  distributed  along  a  lino). 
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Tba  linear  reaction  of  a  stringer  on  a  niddle  fi 

r  -  f  [l — (I  —  *)  f*— »Ti  (*)!•. 
Deflection  of  the  stringer  in  the  span  center 


0  -  i-[I  —  (1  —  *)  *— *jj(s)J. 


(21.13) 


(21.14) 


The  values  of  functions  5p_,  <p.  are  cited  in  [45*  volu—  1].  Coefficients 
of  yielding  of  the  elastic  constraint  of  the  frane  ends^L  and$/L  (or  (. 
and  p2  respectively)  are  calculated  by  fotnulas  in  20.  m 


Co— utino  reference  couple  coefficients  for  a  strinoer.  Coefficient 
x  for  stringers  should  be  calculated  by  considering  the  stronger  as  a 
aulti-span(continuous,bean  resting  on  an  elastic  foundation.  However, 
for  practical  purposes,  we  can  confine  ourselves  to  approxination  Methods. 


Figure  71.  Design  drawing  for  niddle  f: 
of  the  span). 


(along  the  length 


Web  frane  yielding  can  be  disregarded  in  nost  cases.  Therefore, 
for  a  honogeneous  side  structure  and  load  which  is  syanetric  relative  to 
the  stringer,  we  shall  calculate  the  coefficient  of  the  reference  couple 
according  to  the  design  diagran  presented  in  Figure  72: 


x 


fcfr)  +  «M«) 

+.(■>  +  «**(«>  ’ 


(21.15) 


Figure  72.  Design  diagraa  for  determining  the  coefficient  of 
support  for  the  stringer  couple. 
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(21.16) 


Tha  elastic  foundation  ary nt  u 


In  practico,  values  of  the  roforaneo  couplo  cooff iciont  for  a 
•tringor  ii«  within  tha  rang*  0.5  to  0.6  (Tablo  18). 


Table  18 


Coofficionta  x  for  a  otrlnoor. 


a 

0 

0.8 

1J0 

‘  1.8 

9.0 

% 

0.810 

0.M 

0,874 

0.898 

0.498 

Hob  fraaa  yielding  is 
■antary , concontratod  forco 


into 

bracing  with  a  aupple- 


(21.17) 


and  introducing  a  supplementary  support  with  rigidity 

(21.18) 

fraaa. 
apocifiod: 

web  fraaa; 

i  -  ia  the  aoaent  of  inertia  of  a  atandard  fraaa; 

Y,Y  -  are  influence  coefficienta  of  unit  reaiatance  to  deflection 
of  atandard  and  web  fraaaa  in  the  joint  of  interaection  with 
the  atringer; 

8,  are  influence  coefficienta  of  the  external  load. 


at  the  interaection  of  the  atringer  and  web 
In  foraulaa  (21.17)  and  (21.18), it  ia 


I-  -  ia  the  aoaent  of  inertia  of  the 


Influence  coefficienta,  when  there  ia  a  atringer  located  at  the 
center  of  the  a pan,  are  computed  by  foraula 

J _ 2 _ *+n  +  f  (21  1Q) 

T  48  186  (2  +  h)(2  +  *)-l  121.19) 

When  conatraint  of  atandard  and  web  fraaaa  ia  the  aaae,  the  latter 
can  be  aplit  in  two  with  aoaenta  of  inertia  i  and  (nQ  -  1)  i  respectively. 


» 
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with  Marat  of  inertia  i 
tho  othor  fora,  an  olaatie 
of  wab,  aaln  and  iatoraadiato  fi 
ia  caleulatod  by  foraula 


part  of  tho  olaatie  foundation, 
Whan  thare  ia  different  conatraint 
i,  rigidity  of  tho  olaatie  foundation 


kwf 


V 

Twf 


SiM  *  kWf  *  k* 

-  ia  tho  atiffneaa  factor  of  the  wab  f 

-  ia  tho  deflection  of  tho  wab  fi 


(21.20) 


undor  the 


affect  of  unit  raaiatanea  R. 

Stiffneaa  factor  k  ia  detarained  by  foraula  (21.22). 


Tbo  at ringer  In  conaiderad  aa  a  beaa  raating  on  an  olaatie  founda¬ 
tion  and  aupported  at  the  enda  on  olaatie  supports,  the  wab  fraaas.  Fli 
alaamta  of  the  stringer  are  axpraaaad  in  Bubnov  functions.  For  exaaple. 


1 

I 

i 

E 

bending  m 

asmt 

in  the 

t 

1 

t 

where  R  > 

AkL 

2 

.  n  (u) 

i 

Rl- 

AkL 

.  T  (u) 

(21.21) 


elaa 


Tables  of  functions  xo,  xl,  |i  and  v  are  presented  in  [45,  volune  1]. 

Calculating  grillage  including  aain  and  intermediate  fraaas  of  un¬ 
like  profiles  with  different  conatraint  on  their  ends.  A  case  in  which 
intaraadiate  fraaas  have  a  span  of  the  aaae  length  as  the  aain  fraaas  is 
of  great  interest.  We  will  assuee  that  deflections  of  adjacent  Min  and 
intenaediate  fraaes  in  the  joint  of  intersection  with  tho  stringer  are 
equal.  Than,  the  stiffness  factor  of  the  elastic  foundation  will  be 


k  = 


(21.22) 


where -Y  .  and  Y.  .  -  are  influence  coefficients  of  stringer  resistance 
m  n  n  to  deflection  of  the  aain  and  intenaediate  fraMs 

in  the  joint i 

i  .  ,i.  -  are  aoMnts  of  inertia  of  a  cross  section  of  the 

aain  int  .  .  .  .  _ 

aain  and  interMdiate  fraaas. 


139- 


(21.23) 


i 


lb*  given 


load  on  tho  stringer 


1. 

2 


9 


where  0  .  ,  0.  .  are  influence  coefficients  of  the  external  load  on  de¬ 

tain  int 

flection  of  the  min  and  intermediate  frames  respectively,  in  the  joint. 


The  parameter  of  the  elastic  foundation 


u 


(21.24) 


Strength  of  extreme  frames  should  be  calculated  by  assuming  the 
stringer  as  a  rigid  support  and  the  strength  of  middle  frames  is  calculated 
as  the  strength  of  a  beam  with  a  displaced  support,  taking  the  actual  con¬ 
straint  of  the  ends  into  consideration.  The  magnitude  of  the  displaced 
support  for  middle  (min  and  intermediate)  frames  is  calculated  as  deflec¬ 
tion  of  a  stringer  in  the  center  of  a  span  (allowing  for  yielding  of  mb 
frames) 


(21.25) 


Figure  73.  Diagram  of  side  grillage  with  one  cross  bracing, 
a-bulkhead;  b-web  frames;  c- inner  bottom;  d-stringer;  e-lower 
deck;  f -upper  deck. 


Example.  It  is  required  to  calculate  the  strength  of  grillage  with 
one  cross  bracing  (Figure  73)  with  the  following  initial  data: 

L  s  9.6  m,  L  *  3*2  m,  2s  =■  0.8  m,  t  =  4.0  m,  =  2.5  m,  iT  =^ma^n 


9 
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Ib  .  2.0  a,  ib  .  3530  ca4,  V  .  218  ca3,  I-tp  .  57,760  on4,  1^  . 
.  57,760  ca4,  .  8870  ca*,  .  4585  ca4*  W-tp  «  1,890  ca3, 

H^  .  1,890  ca3,  .  463  ca3,  M^  .  267  ca3*  F-tp  .  56  ca8, 

Vf  -  56  C2. 

W#  shall  perform  calculations  for  two  classes  of  application 
of  external  load  7  ■  50  t/a.  Specifically,  when  it  is  applied 
directly  to  a  stringer  or  to  the  center  of  a  fraas  span  between 
a  stringer  and  the  lower  deck. 

He  shall  deteraine  the  influence  coefficient  y.  this  stage 
of  calculation  will  apply  to  both  cases  of  external  load  applica¬ 
tion. 


Assuaing  the  interaediate  fraas  to  be  shply  supported  at 

both  ends  (Figure  74),  we  obtain  V.  .  *  1  ■  0.0200.  When  de- 

int  55- 

teraining  influence  coefficients  for  the  aain  fraas,  we  shall  con¬ 
sider  its  constraint  at  its  upper  and  lower  ends.  Me  find  diaens ion¬ 
less  coefficients  of  yielding  of  elsstic  constraints  for  the  aain 
fraas.  At  the  lower  deck  [foraula  20.6] 


h"  4  ,  ago  4 

1.5  *  *70  ’  3 


0,835. 


At  the  inner  bottoa,  we  consider  the  aain  fraas  as  being 
rigidly  constrained  to  the  plate  fraas:  =  0. 


Vs  deteraine  the  influence  coefficient  Y  .  according  to  the 
design  diagraa  in  (Figure  74).  For  1)  ■  0.5,  we  i¥nd  according  to 
foraula  (20.7) 


St. 


3,835-3 


-1.835 qil 

O  _ 

3,835-3—1 


0,I474gsl. 


Then 

YMln  =  J - L  (0,1474  +  0,0803) -0,0066. 

“ain  48  16 

Vs  calculate  the  stiffness  coefficient  of  the  elastic  founda¬ 
tion  for  the  stringer.  According  to  foraula  (21.22),  we  obtain 
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Figure  74.  Diagram  of  fraaa  fastenings :  a -main  frame; 
b-intensediate  fraae. 


We  find  the  peraaeter  of  elastic  foundation  u  by  foraula 
(21.24),  assuaing  the  stringer  span  to  be  equal  to  the  distance 
between  web  fraaas 


4 

/  0.542-8 

8870 

(  3’2 

1  / 

64-0,0086 

57  760  1 

U.o  ) 

We  deteraine  according  to  [453  the  functions  at  paraaater 
u  =0.96  which  are  necessary  for  further  calculation  (Table  19). 

We  shall  consider  a  case  in  which  a  load  is  applied  directly 
to  a  stringer.  We  shall  assuae  that  the  web  fraaes  are  a  rigid 
support  for  the  stringer.  We  deteraine  the  reference  couple  co¬ 
efficient  for  the  stringer  according  to  Table  18  for  u  =  0.96; 
x  =  O.576.  Since  the  load  is  applied  directly  to  the  stringer, 

^  ■  50  t/a. 

Table  19 

Numerical  values  of  parameter  u  functions. 


M 

X. 

Xi  . 

X» 

e 

f 

fi 

0,96 

0,630 

0,894 

0,912 

0,709 

0,931 

,0,516 

0,871 
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Banding  mo— nt  in  the  stringer  abutaant  a  action  (at  tba  nab 
tram)  la  determined  by  foraula  (21.5) 

#•  -a 

'*  »  .«  .-..W  •  >  .  •  -«•  ■ 

Banding  aoaant  in  tba  a  pan  center,  according  to  foraula 
(21.4)  _ 

*pA  *f~ *  + £BL  •  0J*i)  .  Qjm,  -  I6.lt 

Shearing  force  in  abutaant  aection  at  the  web  fraaa,  ac¬ 
cording  to  foraula  (21. ‘jj 

V  T (0,414 -0,706  +  M»-0 JU)  -  \M<  -  67  t. 

w 


Mariana  banding  atraaaaa  of  atringer  in  a pan  cantar 

«  .  JfttM  2LL12L  .  I4ang'(ea*. ' 

Itr  «*>  7^ 

Mariana  tangential  a hearing  stress  of  atringer  in  abutaant 
auction 

t  ^but^  87  l0>-  - 
°^Wf  tr°'*“ 


Re act ion  of  atringer  on  nain  fraae  [see  foraula  (21.13)] 
.0,«*  0JM6- OjmOJttl)  -  0,198*  -  W  tj 

■a  in  0,562 


reaction  of  atringer  on  the  interaediate  fi 

2  0-4‘8® - -0.r9-4.25  u 


\nV 


1  + 


4566 


0,0806 

0.0066 


the 


6870 

Bending  ament  in  center  of  into: 

influence  of  reaction  R.  . 

int 


diate  fraaa  apan  under 


apan 


4JM 

4 


448  ta. 


Maxi bub  bending  atreaaea  St  fraaa 


a 


M 

-sb ar 

v.  * 

int 


•448  10»? 

,  W  , 


ISOOkgfek.. 


Bending  aoawnta  on  the  aain  fraaa  aupporta 

»?  a  '  °-0803RMi„1  -  3-oe  *■’ 

4  -  Q-1W»_,J  .  5.64  t.. 
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Banding  ■ 
formula  (90.8) 


st  in  can tar  of  aain  fraae  span  is  determined  by 


*psBM®>- 


Naxiaua  bending  stresses  of  fi 


•  •JSffiWiMOkafeA  ! 

Vain 

We  shall  compute  yielding  of  the  web  fraaa,  assuaing  it  to 
be  constrained  the  saaa  as  the  aain  fraaa s  (v '  =  y  0.0066). 


istrainad  the  saae  as  the  aain  fraaa s  (y.  =  y  .  = 

wf  'aain 

The  yielding  of  the  web  fraaa  as  an  elastic  support 


A  .  0.0066 


E  (lwf  -  ‘-In'  ' 


Wa  calculate  aagnitudes  R  and  R1  by  foraula  (21.21): 

Rm  ,  -;  M«) -  0.4*2.0,708 a 0JD3, 

*  *  irf-hain 

» (a)  -  0,4*2*0,931  -  0,383. 


When  calculating  yielding  of  web  fraaes,  stress  in  the 
stringer  id  decreased  and  load  of  the  fraaes  is  increased.  For 
exaaple,  bending  aoaant  in  the  abutaant  section  of  a  stringer 


t  x>  (*).  _  „  O.SW  »-3J»  #  Ml*  A  W  I2  ^ 


12  1+Ri 


Shearing  force  at  the  support,  equal  to  reaction  of  the 
stringer  to  the  web  fraae, 


Considering  that  the  web  fraae  is  constrained  the  same  as 
the  aain  fraae,  maximum  bending  aoaant  in  its  span  is  determined 
by  forasla 

rf*  *  W“ln  Nabut  .  5.20  .  49.3  .  26.8  tm, 

span  span  - - 


where  .  5.20  tm  is  the  bending  aoaant  in  the  main  frame  span 

span 


under  the  influence  of  reaction  span  R^^.9. 56  t. 
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in  the  mb  t\ 


■ptn 


wf 


Reaction  of  tba  stringer  on  the  wain  f: 
yielding  of  the  web  fraae 

Rt  .  600,4/.  OjtffcMW  _ME*£L\.ltft, 

min  TSrl1  i,3w  im.h: 

reaction  on  the  interaediate  f, 


allowing  for 


Ri„t  • 

Maxiaua  bending  stress  in  the  intemodiete  from  span 


Figure  75-  Design  diagran  for  calculating  influence  co¬ 
efficient  3  for  aain  and  into  media  to  franea. 


Maxiaua  bending  stress  in  nain  fraae  span 
%.in  -  IlSO-Jg.lMOkQf^ 

Thus,  it  is  obvious  that  the  end, rigidity  of  web  fraaes  exerts 
a  substantial  influence  on  the  work  of  the  fraaes  as  part  of  the 
side  grillage  and  oust  necessarily  be  taken  into  consideration  when 
calculating. 

Now,  we  shall  consider  a  eecond  situation  in  which  a  load 
is  applied  to  the  center  of  a  fraae  span  between  a  stringer  and 
lower  deck.  We  shall  deteraine  influence  coefficient  9  for  the 
•aain  fraae  (Figure  75 )  when  T)  -  1/4. 
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V*  find  the  support  moments  by  forsula  (30.7): 
W-l 

ojto.7»(i.ame-i.^  „  m0MaH, 

>436  •  3— 1 

*»*in  (04603 +  0,07W)-0,00a 

6*138  10 


For  an  intorwdiate  fr( 


We  shell  determine  the  reduced  load  on  the  stringer 
\0,0066  04>06  /  3 

All  flexural  elements  of  the  stringer  are  decreased  in 
comparison  with  the  foregoing  case  f  =  50  s  1. 51  times. 

*  33.1 

Deflection  of  the  stringer  in  the  span  center  with  allowing 
for  yielding  of  the  web  fraam 


•  •  JSL(i  —0,424-0, 516  — 0,678 -0471)  -  0,144  CM, 
341 


allowing  for  web  frame  yielding 


331  /,  0,434  0,616  04760471\  _  CM 

■  641  V  .  1*603  1.363  )< 


Figure  76.  Diagram  for  calculating  middle  frames,  con¬ 
sidered  as  beams  with  displaced  support. 

We  shall  calculate  middle  frames,  considering  them  as 
beams  with  displaced  (on  the  stringer)  supports  (Figure  76): 

■  P  -qt  -50-0,4  -20 1 , 

3  Ei .  v 

3  PL  -  12  -  ■■■"-  .  3.75  -  1.04  .  2.71  tm, 
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Moaent  in  canter  of  span 


•pan 


Pi 

3  4 


“lfH" 


Maxiaua  banding  atraaaaa  M  intermediate  ti 
of  span 


int 


367 


in  cantor 


Allowing  for  wab  fraaa  yialding 
3;78-  ».04^-  1 
■oaant  in  cantor  of  the  span 

AtpAl0“0,»-9’*  W- 

aaxiaua  stresses 

c  „  JSESS.  B  Wti2L-'84Wkrf«sP. 


int 


387 


Curves  of  bending  aoaents,  with  and  without  allowing  for 
wab  fraaa  yielding,  are  presented  in  Figure  77.  It  is  obvious 
that  in  this  case,  yielding  of  the  web  fraaa  has  little  influence 
on  the  bending  of  fraaas  in  the  center  span  of  the  grillage. 


Figure  77.  Diagram  of  bending  wooanta^f  ^  JjJL  and^L  in  the 
■a in  fraae  (Figure  78),  we  coapile  a  systea  “of  three  wo want 
equations 
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A1  lowing  f o r  jrlildino  of  vtb  a  6.62  tat4L  » 

-  -  2.47  t«|  J04  -  4*65  tu.  3 

Maxiaun  banding  ncmnt  in  the  span  (Figure  79)  H  ■ 
•  8.00  in*  Maxima  banding  atraaa  ***** 


ITMcg/es*. 


22.  Grillages  With  Several  Cm—  Bracinoa.  Mathod  of  Elastic 

Sunnorta. 

Grillage  with  two  atringara  can  easily  ha  calculated  by  the  netted 
of  principal  banda.  However ,  whan  the  noater  of  croaa  bracinge  ia  in- 
craaaad,  calculationa  bacoaw  significantly  aora  tim-coneuaing  and  ita 
uaa  ia  irrational.  In  1959,  0.  Ta.  Kheysinyy  *od  A.  A.  Bubyakinyy  pro- 
poaad  an  approximt ion  netted  for  calculating  grillages  with  aavaral 
croaa  bracinga  for  ica  load  action. 

The  eaaanae  of  thia  netted,  called  the  netted  of  "elastic  supports," 
conaiata  of  datamining  the  rigidity  of  the  alaatic  foundation  under  any 
croaa  bracing,  allowing  for  the  influence  of  the  rigiditiee  and  position 
of  other  croaa  boaaa.  According  to  a  netted  propoead  by  A.  I.  Segal*  £43], 
an  arbitrary,  external  load  ia  reduced  to  nodal  fern,  i.a. ,  to  a  lead 
directly  applied  to  the  croaa  bracinga.  Thia  ia  achieved  by  determining 
the  reaction  of  the  beam  running  in  the  aain  direction,  which  are  snp- 
ported  on  croaa  beaaa,  aa  on  absolutely  rigid  supports.  Falsa  reactions 
taken  with  the  opposite  sign  are  called  a  nodal  load. 

According  to  the  principle  of  superposition,  the  problan  of  cal¬ 
culating  a  grillage  with  n  stringers,  where  each  cross  bean  is  loaded  with 
a  corresponding  nodal  load,  can  be  divided  into  n  problem ,  in  each  of 
which  there  is  only  one  loaded, cross  bracing.  In  any  individual  problan, 
the  elastic  line  of  each  of  the  unloaded  bracinga  is  taken  according  to 
the  first  free  vibrational  node  of  a  prisaatic  bean  constrained  in  cor¬ 
responding  aanner.  Then,  each  unloaded  croaa  bracing  can  ha  substituted 
with  a  aeries  of  independent  elastic  aupporta  for  the  beam  running  in 
the  aain  direction.  Rigidity  k  of  these  aupporta  will  be  constant  over 
the  length  of  the  grillage  according  to  the  selected  elastic  line.  After 
this  substitution,  the  problan  ia  reduced  to  calculating  the  cross  bracing 
for  the  action  of  a  nodal  load  under  the  conditions  that  the  bracing  ia 
resting  on  beam  running  in  the  min  direction  which,  in  turn,  are  sup¬ 
ported  on  intermediate  elastic  supports  —  cross  beam  which  are  unloaded 
in  the  given  problem.  When  these  is  a  large  number  of  beam  running  in 
the  min  direction  (more  than  five),  the  problan  under  consideration  re¬ 
duces  to  a  calculation  of  a  stringer  as  a  beam  on  an  elastic,  riser-type 
foundation  with  constant  rigidity.  For  an  equally  distributed  load. 
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design  fomulaa  can  be  txprMMd  In  X.  0.  Bubnov's  functions  and  for  a 
coneantratad  forca,  it  is  poasibla  to  apply  it  in  casa  of  an  asternal 
load  of  any  typo,  asking  appropriate  integrations. 

Comparisons  of  calculations  in  tbs  netted  of  principal  bands  and 
the  netted  of  elastic  supports  teas  given  good  correspondence  of  results. 
Basic  calculation  dependencies  and  steps  according  to  the  netted  of  elas¬ 
tic  supports  are  set  forth  in  detail  below. 

Reducing  a  load  Us  nodal  fom.  In  the  first  calculation  stage,  all 
baste  running  in  the  uain  direction  are  considered  to  be  supported  on 
false,  rigid  supports  installed  at  the  joints  (intersection  points  of 
the  stringers  and  francs).  Reactions  of  these  supports  p  ,  P  ,...,Pn, 
taken  with  the  opposite  sign,  represent  a  nodal  load.  1 

With  n  cress  bracings  and  an  external  load  in  the  fora  of  a  con¬ 
centrated  force  P,  applied  on  the  span  of  the  franc,  reactions  P  are 
found  by  the  Narier  netted,  i.e. ,  ** 


Figure  80.  Diagraa  for  detenining  nodal  reactions, 
or  - 

Assuaing  P^  *  cr^P,  we  have 

2  W"”  l  1*2,  ...  n, 

/•i 


(22.1) 


(22.2) 


where 
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-  la  tte  influence  coefficient  of  the  reaction  of  the  j Ji 
*■  croee  bracing  to  deflection  of  the  been  running  in  the 
—in  direction  at  joint  i; 

3.  -  ie  the  influence  coefficient  of  the  external  lead  to 
x  deflection  of  the  been  running  in  the  nain  direction 
at  joint  i) 

or.  -  ie  the  coefficient  of  reduction  of  the  external  load  to 
3  a  nodal  load  for  the  j-*  croee  bracing. 

With  identical,  equally  spaced  beans  running  in  the  ndin  direc¬ 
tion  and  a  load  distributed  along  a  line  (Figure  00),  nodal  reactions  ore 
calculated  by  fomula 

AW  “«/**(*)•  (aa.3) 

where  a  .  const,  and  is  found  fron  systea  of  equations  (22.2). 

If  am  external  load  is  applied  directly  to  a  cross  bracing,  this 
stage  of  the  calculation  is  oaitted. 

Calculating  rigidity  of  elastic  supports  (unleaded  stringers)  for 
franes.  If  R ,  is  the  reaction  of  the  j-a  stringer  simper  j  lug  a  frane, 
a  differential  equation  for  bending  of  the  stringer  can  be  written  in 
the  fora 

(22.4) 


As  sueing 


«VW  =  A,f  (x). 

(22.5) 

where  (x)  -  is  the  first  fora  of  free  vibrations  by  the  corresponding 

fora  of  constrained  pria— tic  bean  which  satisfies  the 
differential  equation 

/"<*>- (f  )'m 

(22.6) 

and  using  these  dependencies,  we  can  obtain 

(22.7) 

Substituting  (22.7)  in  (22.4),  we  shall 

have 

(22.8) 

or 

R,-kp,(x), 

(22.9) 
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i.e. ,  reaction  of  tbs  stringer  is  equal  to  reaction  of  an  elaatic  founds, 
tion  with  rigidity 

*/"(■{■)*  (22.10) 

where  p  is  a  Multiple  root  of  the  characteristic  equation  for  the  dif¬ 
ferential  equation  for  handing  of  the  cross  bracing,  depending  only  on 
the  Method  of  fastening  its  ends  £24].  Values  of  p  are  presented  in 
fable  20. 

Table  20 


Values  of  u  depending  on  reference  couple  coefficients*. 


1...  • 

*• 

1 

H 

« 

0.00 

0.25 

0,80 

0.75 

1.00 

0.00 

6.142 

6.236 

8.617 

~  3409 

3.927 

0.25 

6.236 

8.624 

8484 

3.007 

'4.005 

0.60 

6,667- 

8.464 

8.677 

8.776 

4.130 

0.36 

6.800 

■  8JI7  - 

3.770 

3.007 

4.821 

1.00 

6.217 

4.006 

4.160 

4401 

4.730 

•  m 

•  The  table  is  borrowed  froa  P.  P.  Papkovich’  book. 
Strength  of  Shies,  part  2,  State  All-Uhion  Publishing  House 
of  the  Shipbuilding  Industry,  1941. 


Calculating  the  rigidity  of  an  elastic  fount**  o  for  a  laager 
stringer.  Substituting  each  unloaded  stringer  with  a  aeries  of  elastic 
supports  of  corresponding  rigidity,  a  loaded  stringer  can  be  considered 
as  a  bean  on  a  riser-type,  elastic  foundation  with  rigidity  The 

coefficient  of  rigidity  of  an  elastic  foundation  for  the  j-*  stringer 


*/ 


(22.11) 


where  v is  the  deflection  at  joint  j  of  a  bean  running  in  the  nain 
J  direction,  caused  by  unit  stress  P.  •  1  applied  at  that  sane 
joint.  •* 


*  Reactions  of  a  riser-type  foundation  are  proportional  to  the 
deflection  at  the  given  point  and  do  not  depend  on  deflections  of  adjacent 
points. 


Figure  81.  Diagram  for  deternining  the  rigidity  of  an  elastic 
foundation  for  a  loaded  stringer. 
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V*  shall  show  ths  procedure  for  dateraining  tbs  coefficient  of 
rigidity  of  elastic  foundation  k  below  ths  first  strlngor  in  an  onaplo 
of  grillage  with  thro#  cross  bracings  (Figure  8l). 

The  coefficient  of  yielding  of  the  elastic  supports 


(22.13) 


Redundancy  of  the  from  is  nost  easily  expanded  by  the  Narier 
■ethod,  dote  raining  the  unknown  reactions  of  supports  R_  and  R_.  the 
aaount  of  deflection  in  joint  1  froa  action  of  unit  stress  is  calculated 
by  foraula  - 

■  Bi  Bl^u  • 


Then 


‘.-ST 


El 
El 


>*»“  l*Ta—^To'“^fe*' 

-  -  «  •  ..i._ 

The  paraaeter  of  elastic  foundation 


where 


(22.13) 


Bending  of  the  stringer  will  subsequently  be  calculated  by  known 
foraulas  as  for  a  beaa  on  an  elastic  foundation. 


General  coaaenta  for  a  design  Plan.  The  following  should  be  kept 
in  aidd  when  using  the  proposed  aethod.  Beans  running  in  all  directions 
are  considered  as  prisaatic,  fraaes  are  considered  to  be  equally  spaced 
and  identical  and  cross  bracings  equally  constrained  at  both  ends.  Co¬ 
efficients  of  restraint  can  differ  for  different  stringers. 


Strength  of  stringers  should  be  checked  by  applying  a  load  directly 
to  the  stringer.  When  calculating  fraaes,  the  load  is  applied  between 
stringers  in  the  center  of  fraae  spans.  In  the  first  situation*  all 
stringers  except  the  one  being  calculated  should  be  replaced  by  elastic 
supports.  In  the  second  situation,  all  stringers  except  the  two  adjacent 
to  the  span  where  the  load  is  applied, should  be  replaced  by  elastic  sup¬ 
ports. 


-153- 


When  calculating  a  middle  section,  reactions  to  elastic  supports 
are  determined  and  then  a  bending  moment  diagram  is  constructed.  An 
extreme  frame  is  considered  as  a  sing Is -span,  continuous,  bean  supported 
on  rigid  supports .  If  yielding  of  web  frames  is  not  taken  into  considera¬ 
tion,  it  is  possible  to  proceed  in  two  ways.  First,  it  is  possible  to 
disregard  the  web  fnuee  when  calculating  the  coefficients  of  yielding  A 
of  elastic  supports.  In  this  case,  the  stringer  span  L  will  be  measured 
from  bulkhead  to  bulkhead  in  formulas  for  coefficients  of  A.  The  re¬ 
maining  (loaded)  stringer  should  be  considered  taking  the  web  frame  into 
account  as  was  shown  in  the  foregoing  paragraph  for  grillage  with  one 
cross  bracing.  In  this, an  error  is  made  on  the  side  of  providing  a  margin 
of  safety.  In  the  second  method,  when  calculating  coefficients  of  yielding 
of  elastic  supports,  the  web  frames  are  considered  as  rigid  supports  for 
the  stringers  and  the  stringer  spans  are  measured  between  web  frames. 
Subsequent  calculations  are  performed  the  same  as  in  the  first  case  (with 
error  on  the  side  of  providing  a  margin  of  safety).  For  more  accurate 
calculation  of  the  yielding  of  web  frames,  it  is  necessary  to  calculate 
the  grillage  according  to  the  method  of  principal  bends.  Vhen  calculating 
coefficients  of  the  yielding  of  constraint  of  the  frames  vL  and2^_ ,  as 
well  as  reference  couple  coefficients  for  stringers,  formulas  of  the  pre¬ 
ceding  paragraph  should  be  used. 

Rvample.  Check  the  strength  of  the  side  grillage  (Figure  82)  for 
two  situations  of  application  of  external  load  p=  120  t/m,  speci¬ 
fically:  directly  to  the  second  stringer  and  along  a  line  in  the 
center  of  the  span  between  the  first  and  second  stringers.  I;. 
both  cases,  the  design  load  is  considered  to  be  applied  over  the 
entire  length  of  the  grillage. 
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W*  calculate  influence  coefficient  Y.  Diaaneionleaa  eo- 
afficianta  of  yielding  of  tba  plaatic  conatraint  of  the  fraue 
and a  ara  found  by  foraula  (20.6): 


'  *A  ,  iM  •  M  "  ^ 

**  M‘  ,  4  1MI  M~~ "  0,^J 
>2.»  *  M5  8  ’  18,88  ’  1.0 


Wa  deterainu  tha  Magnitude  of  support  anaenta  froa  unit 
atraaa  appliad  to  tha  joints  according  to  foraula  (20.7).  For 
load  P  ■  1,  applied  at  joint  1,  wa  obtain 


*  -  -7-  -  6,188, 

'  I 

.5,39.2,71  —  1  -  •  •  .  ^ 

P,ltt041»(l.iass^8—  14U),  .Qw 

M8. 2,71-1 


For  load  P  .  1  appliad  at  joint  2:  .  0.5, 


”-75:3.7. -i  ■■•w. 


f'4'*  ■ 


For  load  P  =  lf  applied  at  joint  3s 

t]i  ■  0,7TB, 

0,778.0,222(1^.2,71  -1,778)1 . 0  ^ 
“  5,89.2,71-1 

TO  0.778  0, 222  (1,778.5,39-1,282)  /  _  ^  |<<fM 
*"  5,39.2,71-1 


Influence  coefficient 

+H.(I  +  n,)]-M  -  i  o,  168- 03151(1  -0.615^0.168^  - 


-  (0,0413- 1,815  +  0,0507. 1.1M)) »  0,00418. 
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i 

j 

t 


s 


i 


* 

» 


Using  analogous  formulas,  m  obtain  Yoo  ■  0.01032, 

v“ :  :  S:2:  Y«  ■  v»  •  0•OOHO•  v  °-°°381- 

We  calculata  coofficiants  of  yielding  of  clastic  sup¬ 
ports.  The  dinonsionless  coefficient  of  yielding  of  support 
is  date rained,  taking  foraula  (22.13)  into  account 


W  )  It  * 
\3.14»  (3,4; 


12800 

960900 


-  0,000641. 


a*.  JL  /*■*  \«  19600 

W,1  (5,4/  144000*  ,00  007* 


Load  applied  directly  to  the  second  stringer. 

We  deternine  parameter  u  of  elastic  foundation  for  stringer 
2.  The  Magnitude  of  deflection  v_  ,  and  coefficient  k„  are  found 

rsl  6 

according  to  the  design  diagran  in  Figure  83. 

After  solving  the  ays ten  of  equations 

*1 W + 111)  +  **Tl»*flll» 

*iTu+M4  +  t»)r^f«.# 

tie  obtain  R1=0.7976;  R^  =  0.6912. 

Deflection  under  the  influence  of  unit  force  P  =  L 

*/>-'  -hjt  -  -  °'ooa57'£r* 

The  parameter  of  elastic  foundation  according  to  formula  (22.13) 


«* 


0,75. 


Values  of  parameter  u  functions  which  are  necessary  for 
subsequent  calculations  are  presented  in  Table  21. 


Figure  83 .  Design  diagram  for  calculating  coefficient  kg 
for  the  second  stringer. 
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Table  21 


Numerical  values  for  elastic  foundation  parameter  u 


We  determine  flexural  element*  of  the  stringer!  bending 
moment  in  the  center  of  the  span 

bending  stress 

t-  y^10*..  .  2860 kgfes*  <«.- >0 OflNfaft 

shearing  force  in  the  abutment  section  of  the  stringer 

shearing  streus  in  the  stringer  wall 

-* .  «  IflBOkfl/ca*  <  o!#v-  1000k (**•; 

stringer  reaction  to  the  middle  section 

Ru  -1*1 1  -  0,779)  -  0J8I;  -  W  t. 

We  determine  bending  moments  in  the  middle  section*  Reactions 
of  the  first  and  third  stringers  when  stress  action  R^t^,27  t:‘ 

*„  -  Rmfii  -  0.7976-9,27  -  7,4 1  i 
Ru-  RmRi -  9,27  0,6812- 6,41  t- 

Bending  moment  from  stress  R2JJ  in  the  span 
M, -  Rm1.<l  -  .*) t-  — ~-5,4 -  12Jt  a. 

on  the  supports 

Mu  -  9tu*w  -  0,0471  -9,27-6,4  -  2,36  tM, 

Mu  -  WnR»  -  0,1211  -9,97-6,4  -  6,06  t  m 

Bending  moments  from  stress  R^2  in  the  span 
M| «  7, 4-0, 186-0, 815-6, 4  —  6,02  «r, 

on  the  supports 

,  Mu  ■  9!uln  ■  0,0413-7,4-6,4  ■  1,66  ts, 

M«  -  VtnRu  -  0,0807-7,4-6,4  -  2,03  tS- 
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Bending  moments  froa  stream  in  the  span 
Ht  •\>,778-0J»-6,4l  *4  -  5,88  », « 

on  the  supports 

Mn  •  WaRu  -  0.0186-6,41  -t,4f  0.87  t*. 

Mm  ~mmR„  -  0,1089-6,41  -6,4  *  3,61  t a. 

The  design  bending  moment  in  the  frame  span  is  determined 
graphically  bp  constructing  a  bending  moment  diagram: 


span 


4.7  tm. 


Maximum  bending  stress 

«  .  *kfM±Li2L  m. 790 krfcM*. 

•  w  607 

Load  applied  to  the  center  of  the  fras»  span  between  the 
first  and  second  stringers  (Figure  84). 


Me  determine  influence  coefficients  of  the  external  load 

-  L5, -  0,84s.1 

'P  i  8,4  ^ 

Support  moments  from  load  P: 

W  5^0-2,71  —  1  .  7:  : 

SR n  -  0.3«3  0.yy,(?.!?^,MB  T  jffSL  PI  •’  0,0934 PI, 


IV.. 


Then 


fc  -  0,12-10”*;  ,  p,  -  4,0-  10r». 


Figure  84.  For  determining  influence  coefficients 

P2  and  ty 
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The  Middle  section  is  calculated  according  to  the  didgrem  in 
Figure  85. 

Unknown  reactions  of  elastic  supports  are  calculated  ires 
the  ays tea  of  equations: 


*is  (in  +•?),+  #*aTu  + 

.^isT«  +  (t« + *4) +Rv>ln  • 

(l» + 

fron  which  Rip  =  0.60fs;  R2p  «  0. 552^0 »  R^p  «  0.030ya. 


0f 

T'jrr 

•;£  ^ 

Figure  83. 

Maximum  ben< 

Design  diagram  for  middle  section. 

ling  moment  at  the  point  of  force  application 

M  =  -  0.022f\  *  14.26  ta, 


bending  stress 

«  -  -£L  -  M’a6  1- .  3390  k (#cs»  <  i_-  3000krf«ft 
r  687  y 

Stringers  for  the  extreme  fraae  should  be  considered  as 
rigid  supports.  The  unknown  reactions  of  these  supports  ye  cal- 
culated  by  the  cited  systea  of  equations,  asawing  that  a^  *  a^  • 

=  a®  =  0;  then,  Rip  =  0.684f»f  R2p  =  0.593?s;  Rjp  >  -  0.1427s. 
Maximum  bending  moment  at  the  point  of  force  application: 

Mp  =  0. 0175^1  *  11.33  tm, 

bending  stress  in  the  extreme  frame 

Mm  IU3J[0^  .  lagoit^c**  <  a. »'  3000kg/c*». 

V  697  / 

Calculating  scantlings  of  web  frames.  Web  frames  which 
are  being  installed  as  intermediate  supports  for  side  stringers 
should  be  calculated  for  reaction  from  these  stringers. 
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Figure  86.  Diagraa  of  aide  grillage  with  one  stringer 
and  web  frame. 


He  shall  consider  the  case  of  a  grillage  with  one  stringer  (Figure 
86),  where  L=8.s*8.  0.4  «  3.2  a.  The  apace  between  the  stringer 
and  platfona  (deck)  l  nust  not  exceed  2.5a.  He  shall  assuae  1=6.  0.4 
a  2.4  a,  i.e.,  *  3/4  L^. 


He  assuae  the  stringer  to  be  rigidly  constrained  on  the  web  fraaes. 
The  aaxiaua  banding  stress  of  the  stringer  when  there  is  unifora  load 
action  f  applied  directly  to  the  stringer, 

amjfL 

IMfct’  (22.14) 


where 


lf|t  is  the  section  aodulus  of  the  stringer. 


Disregarding  the  part  of  the  load  which  is  transaitted  to  the  deck 
and  bottoa  by  the  fraaes,  we  obtain  for  the  reaction  to  the  fraae  when  a 
load  is  applied  to  the  span  of  a  stringer  between  fraaes 


*  ;• 


and  for  a  load  applied  along  the  entire  span  of  the  grillage, 

P  qLi. 


He  adopt  the  latter  as  a  design  case.  Then,  bending  stress  of 
the  web  fraae,  considering  it  to  he  rigidly  constrained  below  and  simply 
supported  above,  is  calculated  according  to  the  foraula 

„  5gL,  3  Lx  15 
"  32  2  '  4  ’  ier*f 
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Asauaing  ahdMiblt 
to  equal,  we  obtain 


in  tka  stringer 


3.8  w  3. 


Taking  the  unloading  affect  of  the  fraaea  into  conaidenition,  m 
can  write 

V  -  2  -  *-U)  -  1  W.t  -  | 

\t  ■  1  "min’ ”  °bui,"'«  -  ”mi».  VVr* 

-1:3:7- 


L 

_ _ i# _ 


Kfr  ' 


Figure  87.  Diagraa  of  grillage  with  two  atringere. 

Calculations  show  that  such  a  relationship  between  profiles  is 
nearly  optima. 

If  bearer  stringers  are  installed 

W  .  '«  W  .  and  V '  .  W  .  , 

at  nain  wf  aain 

where  V  is  the  section  Modulus  of  the  aain  fraaas. 

■am 

We  shall  consider  a  section  of  grillage  with  two  stringers  (Figure 
87).  We  assuae  the  stringers  to  to  identical  and  on  the  strength  of  sya- 
aetry  of  the  load,  to  be  rigidly  cons-  rained  to  the  ad Jicent  web  fraaas  - 
rigid  supports.  Let  the  first  stringer  to  loaded  with  a  unifora  load. 

Then,  the  aaxinua  stresses  in  the  stringer  are  calculated  by  forrnla  (22.14). 
We  find  stresses  in  the  web  fraae,  taking  the  unloaded  stringer  into 
consideration, which  is  an  elastic  support. 


Reaction  of  the  loaded  stringer  on  the  web  fraae,  allowing  a  safety 
factor,  will  be 
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.*»,**., '» iieamiansians  1 


Da f lac t ion  of  tha  aacond  atringar  at  joint  2  (Figure  87) 


Daflaction  of  tha  web  fraae  in  thia  joint  ia  datamined  from  the 
daaign  diagraa  in  (Pigura  88). 


Influence  coaff icianta  of  atringar  reaction  to  fraae  deflection 
ie  datarained  according  to  handbook  [14]: 

0u- 0,00914-^*2-;  0,00603  £#2, 

®Cr  il»f 

Qtt- -^0,00686 ^-0^0636^2. 


Figure  88.  Deaign  diagraa  for  detaraining  react iona  in  grillage 
jointa. 


Equating  deflactiona  of  the  ftaae  and  atringera  in  jointa  1  and  2, 
we  obtain 

u  :  •  ^-Mau  w.-wae. 

ir  ^g£y  . 


from  which 


Rt  (o,247  -f-0,0416  — 0,142/?,  -  0,0416^  j&, 

0,142/?!  -  (o,136  4-  0,0416  -jtfj  /?,- 0,  • 


0,136  +  0,0416  -» 

- T775 - ***•• 


•l62« 


braclnga, 


Vhea  17  I  *  6.4  (noraal  rat.o  for  grillaf*  with  two  cross 
gs,austzbe  within  the  rang*  of  6  to  7),  R^  •  2.83  Rg  or  Rg  »  0.353 


Vo  shall  dotoraino  bonding 


ate  in  tho  span  of  the  wob  f * 


in  joint  1  with  offset  of  reaction  R  : 

1  .  ■  ’  * 

in  joint  1  with  affect  of  reaction  R^: 

Design  bending  sonant  in  joint  1 

M  -  -  (0,518  -  0,063)  -  Q, 466*4. 

Bending  stress  of  web  f rase 

M  0,465fi* 

O  *»  ■  1  am  ■  # 

■Vf  V 

Assusing  the  adsissible  stresses  in  the  stringer  and  frase  to  be 

equal,  we  obtain  V  J  V  *  3.15.  Allowing  for  the  unloading  effect  of 

Ysfying  condition  W  _  «  W  ,  where  V  >  V  . ,  as 

nain/u  at’,/. 


the  fraass  and  satisfying  condition  1#^,  «  V 
was  done  for  grillage  with  one  stringer,  we 
When  V 


w '-'■VhL.  i'/r4n(w<t*‘  v*  K-ln). 


.wf 


.  -  ,  we  hare  W  :  W  .  :  V  >1:3:9. 

st  sain  sain  st  wf 

Ve  can  write  in  general  fore  for  any  nusber  of  stringers 

where  e  is  the  nusber  of  stringers. 


(22.15) 


Exaaple.  Calculate  the  necessary  section  noduli  of  beans 
of  a  grillage  with  three  cross  bracings  with  the  following  initial 
data:  frase  s pacings  s= 0.4  a;  distance  between  webs  L.  ■  3*2  a; 
frase  span  1  =  8.0  a;  ice  load  intensity  200  t/a;  yield 
stress  of  the  aetal  =  4,000  kg/ca  • 

Ve  calculate  the  section  aodulus  of  a  standard  fraas 
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Coefficient  k  is  determined,  depending  on  characteristic 

•  '  ’  •  *  •  /■ 

where  n  a  L^/  a  is  the  nunber  of  frame  specinge  in  the  etringer  span. 
For  a*  a  1.02  k  a  0.057  and  then 


He  calculate  the  section  eodulus  of  the  etringer.  The  elas¬ 
tic  foundation  parameter  u  for  the  stringer  is  found  depending  on 
the  characteristic  a  a  a /2a  0.51.  Then  u  a  0*95*  Bubnov  func¬ 
tions  which  are  necessary  for  subsequent  calculations  are  determined 
depending  on  parameter  u  from  Tables  [45]:  x_(0.95)  «  0.640;  x  = 
(0.95)  »  0.898;  (0.95)  a  0.915. 

The  reference  couple  coefficient  for  stringers  can  be  taken 
as  equal  to  x  =  0.5  (see  Table  18).  Then,  bending  moment  in  the 
abutment  section  of  the  stringer  is  calculated  by  formula 

“nbUl—UM  -'-Sjjpf L\  - 

bending  moment  in  the  span 

-T’fi-J.l*) + -j-i.  <•>]  - 

The  necessary  section  modulus  of  the  stringer  is  determined 
from  a  condition  of  the  maxi mum  standard  stresses  reaching  the 
yield  stress  of  the  material 

;  *gF9H),o m  aoo3’a*  10»  -  3S70  o*, 

*y  4000  .  '  . 


Fot;,  28TO 

FmqinOIi 


3,14. 


He  determine  the  section  modulus  of  the  web  frame  by 
formula  (22.15) 


.  -  10700  cs4, 

J23S.-3.ii-  . 

2870 
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23.  Grillaoe  with  Bearer  Stringers. 

Ob  UL  (Arkt. )  and  UL-class  cargo  chips,  it  is  advisable  to  install 
bsarar  stringers  the  saae  height  as  the  sain  f rases  to  strengthen  the 
shall  plating  and  side  freeing  in  the  area  of  holds  where  use  of  Increased 
profile  stringers  is  often  inpossible  because  of  the  considerable  decrease 
in  cargo  space.  It  is  recossended  that  sain  and  intersediate  f rases  have 
the  sane  profile.  It  is  advisable  to  install  bearer  side  stringers  in 
the  area  of  possible  ice  load  application,  i.e. ,  at  the  height  of  the  ice 
belt.  Distance  between  stringers  oust  not  exeped  1.2  to  1.5  s.  These 
stringers. spread  concentrated  loads  over  several  frees  spaces  along  the 
length  of  the  ship,  increase  the  carrying  capacity  of  the  plating  by  dividing 
the  panel  between  fraaes  into  parts  and  finally,  increase  stability  of 
the  two-diaensional  fora  of  fraae  bending. 


The  strength  of  bearer  stringers  is  calculated  in  the  following 
aanner.  Por  a  grillage  with  a  large  nuaber  of  fraaes,  a  bearer  stringer 
can  be  considered  as  a  bean  on  an  elastic  foundation  with  rigidity  k, 
(see  21.): 


Ei 

Ti*’ 


where  i 
1 
s 

Yi 


is  the  aonent  of  inertia  of  the  fraae} 
is  the  span  of  the  fraae; 
is  the  fraae  spacing; 

is  the  influence  coefficient  of  force  P  •  1,  applied  at  the 
point  where  the  stringer  being  considered  intersects  the 
fraae,  on  deflection  of  that  joint. 


The  procedure  for  deteraining  influence  coefficient  Y  was  shown 

above. 


When  there  are  aain  and  interaediate  fraaes  of  different  profiles 
with  different  end  constraints,  values  of  the  coefficient  of  rigidity  of 
the  elastic  foundation  k  should  be  calculated  by  foraula  (21.22). 

The  reduced  length  on  which  a  concentrated  load  acting  on  a  stringer 
is  dispersed  is  calculated  by  an  approxiaation  foraula  [24]: 

(23a> 

where  I  is  the  moment  of  inertia  of  the  stringer. 

.Maximum  bending  moment  acting  on  the  stringer, 

«... — 
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which  corresponds  to  the  value  of  the  oreeteet  went  for  e  staple ,  sup¬ 
ported,  toeea  loaded  with  a  uniformly  distributed  load  with  an  intensity 

°*9-  '/‘.PB,-  "*> 

H  .  -  »*  — 1  . 

aas  g 


Substituting  the  value  I  .  we  obtain 


Thus,  the  following  strength  condition  suit  be 


of  the  span  of  a  bearer  stringer 


(23.2) 

net  at  the  center 


(23.3) 


In  addition,  the  strength  of  a  bearer  stringer  in  the  section  by 
transverse  bulkheads  should  be  checked  according  to  the  diagraa  given 
in  Figure  89.  Ve  aesuaa  the  stringer  to  be  rigidly  constrained  to  the 
bulkhead.  For  ease  of  calculation,  we  shall  consider  the  stringer  as  a 
seal -infinite  beaa  loaded  with  unifora  load  f .  It  is  possible  to  perait 
an  Increase  in  the  yield  stress  for  the  nor as 1  bending  stresses  in  the 
stringer  abutaent  section.  Only  a  transfer  of  shearing  force  to  the 
transverse  bulkhead  should  be  provided,  not  pensitting  an  increase  in 
ultiaate  shearing  stress  of  the  stringer  wall  material. 


Figure  89.  Design  drawing  for  checking  the  strength  of  a  bearer 
stringer  in  the  cross  section  at  the  transverse  bulkhead. 

Deflection  of  a  beaa,  depicted  in  Figure  89, 
v  -  [  1  —  (c<*  ax  +  »i  n  «)] , 


the  maximum  bending  moment  occurring  in  the  constraint, 


(23.4) 
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(23.5) 


Shearing  fore*  in  the  abutment  •action 

Tbs  shearing  strength  condition  of  a  stringer  in  an  abutnent  sec¬ 
tion  can'  be  written  in  the  fora 

^HCy-  0.6^  W3.6) 

where  a  is  the  yield  stress  of  the  stringer  nete*ial| 

F  is  the  total  sectional  area  of  the  stringer  wall  and  the  knee. 

Calculations  have  shown  that  the  height  of  the  knee  cannot  exceed 
the  stringer  height  and  its  length  cannot  exceed  two  heights  (Figure  90). 
Knees  are  usually  node  with  sane  thickness  as  the  stringer  wall  and  have 
a  wide  flange,  equal  to  ten  knee  thicknesses  but  no  larger  than  100  an. 

Wien  designing  the  joint  between  a  bearer  stringer  and  a  transverse 
bulkhead,  it  should  be  stipulated  that  the  stringer  be  fastened  to  a 
horizontal  rib  installed  on  the  bulkhead.  Other  construction  of  this 
joint  is  possible.  However,  the  strength  condition  (23.6)  oust  be  ober  *ve<! 
in  all  cases. 


Figure  90.  Strengthening  of  a  bearer  stringer  with  knees  at 
a  transverse  bulkhead. 

Mathematical  calculations  have  shown  that  the  influence  coefficient 
can  be  calculated  from  the  diagram  given  in  Figure  91 « 
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Aaiuaing  the  moments  of  inertia  of  the  bearer  stringer  and  the 
frame  to  he  equal  in  the  first  approxiaat ion ,  taking  (83.3)  into  con* ide ra¬ 
tion,  we  obtain  for  the  stringer 


We  calculate  the  section  Modulus  of  the  fraae  (Figure  91), by  forsula 
(80.10) 


r- 0,140^- -0,140  4^-  -rs. 


Assuming  section  Moduli  of  the  bearer  stringer  and  frame  to  be  equal 
and  equating  the  right  neater  of  the  above-cited  expression,  we  obtain 
l/s  m  8.  When  t/s  <  8,  the  section  Modulus  of  the  bearer  stringer  is 
snaller  than  the  section  Modulus  of  the  frane.  In  this  situation,  it  is 
not  expedient  to  install  bearer  stringers. 


As  an  example,  we  present  a  calculation  of  the  strength 
of  a  lower  stringer  (Figure  98).  The  Main  and  intermediate 
frames  have  identical  profiles  but  different  Methods  of  end 
constraint  (see  the  first  exa^tle,  presented  in  80).  When 
calculating  the  moment  of  inertia  and  section  modulus  of  a 
hearer  stringer,  the  width  of  the  attached  flange  is  taken 
as  equal  to  the  distance  between  stringers,  i.e. ,  equal  to 


one  meter.  The  profile  of  a  hearer  stringer^ 
«  84,  120  cm4  and  W  .  886  cm3. 


18  x  300.  I  * 
12  x  150 


Ve  shall  calculate  influence  coefficients  for  the  main 
and  intermediate  frames  using  the  design  diagram  shown  in 
Figure  93.  Ve  assume  the  following  data  for  calculating: 
distance  of  stringer  from  the  deck  c  *  2.0  n,  span  of  the  frame 
1  s  7.0  m,  frame  spacing  s  ■  0.4  n,  moment  of  inertia  of  the 
frame,  i  »  17,000  cm*. 


The  influence  coefficient  of  unit  force  applied  to  the 
joint  where  the  bearer  stringer  intersects  the  frame  on  de¬ 
flection  in  the  joint 
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i 


Figure  92.  Diagrea  for  calculating  bearer  stringer  strength, 


Figure  93.  For  calculating  influence  coefficients  for 
■ain  and  intermediate  franes. 


in  snail  determine  support  moments  for  the  intermsdiate 

rafarme.  coupl.  ca.mci.at. 

deaiLat/V  1  *  if3  *!^,p2  "  «W»rt).  Ve  shall 

designate  7]  =  c/l  -  2/7  «  0.286  and  1  -  T)  ,  I  .  c/l  «  0.714. 

Support  moments  are,  respectively 


Hm  Pi  -  0.1I1IPJ, 


*  S)  (2  — •  i 
2  +  h 


The  influence  coefficient  from  moment^,,  (when  P  »  1)  on 
■tringer°2  °*  ^  int®r-ediate  fram  mt  the  Jo?nt  wit  i  bearer 

a  .  • 

-  tXM- 1>  «  0,2660,714. 1.2W  -  0,0049. 

Thus,  the  influence  coefficient  for  the  intermediate  frame 


r  .* 

7lWT  *u  *7  ?aRJiR1f».0I32-  0,0042  -  0,0090. 

(on  for  the  Bain  fra*®  »re  computed  by  formula 

(20.7)  when  pj  =  0.72,  Pg  =  0: 


2,72-2-  1 

»,.  o w.0tWW>/t 

3i7S*i>«  I 

T«-  8  (1  -  1i)  I»f  (*-.8)+*,  (1  +  l)J  - 

-  ‘P’fll  (0,0906. 1 .714+ 0.0788-  MW)  -  0,0068. 

6 


The  influence  coefficient  on  deflection  in  the  joint 
for  the  aain  frame  y  -  0.0139  to  0.0089  *  0.0050.  The  co¬ 
efficient  of  rigidity  of  the  elastic  foundation  for  the 
stringer  is  calculated  by  forsula  (21.22): 

.  ■  0,0050 

k  0,0080  2,1  10*  17000 

3  0,0060-40-raP  “ 


Then,  the  reduced  length 


Vidth  of  the  attached  flange  in  the  second  approxima¬ 
tion 


*=*24.780 


Distance  of  the  neutral  axis  of  the  stringer  profile  from  the 
neutral  axis  of  the  attached  flange 


.  ■  ••  . 

189 

7  -  29660-1130-6.0  -  22800  cm*; 
22800 


W  - 


?6.2 


-  878  cm*. 


Reduced  length  in  second  approximatin 


22800 


120 


-  2,96  m. 


We  shall  calculate  maximum  stresses  in  the  stringer  for 
external  load  q  =  30  t/m: 

•  -  <  v  - 


8-878 


The  stringer  is  made  if  steel  with  yield  stress  o  .  4000 
kg/cm2.  y 


We  shall  determine  stresses  in  the  stringer  by  the  transverse 
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bulkhead,  allowing  for  the  knee.  Shearing  force  in  the  abutment 
aection  of  the  stringer  (formula  23.5)  is 

Maximum  shear  stress  in  wall 

X  -  Jteay^d:.1.0!. .  710tag/es*  <  V- OAy-  2400kg la*. 

0,86- r  0.86  72  *  7  -T  ^ 


Moment  of  inertia  of  the  abutment  section  of  the  bearer 
stringer  together  with  the  knee 

/■  -  60900  cm*; 


Section  aodulus 


r«  -  1448  cm*; 

Maxi nium  bending  moaent  in  the  constraint  (foraula  33*4) 

*]/  w-wt* 


Bending  stress 


«  — 


Mmn  32.0-10* 


r. 


1448 


-  2200kg/c*». 


Normal  bending  stresses  in  the  abutment  section  of  a  bearer 
stringer  do  not-  exceed  the  yield  stress  of  the  material. 


24.  Side  Framing  with  a  Longitudinal  System. 

We  shall  consider  the  working  plan  of  individual, side  grillage 
braces  arranged  in  a  longitudinal  system  when  there  is  ice  load  action. 

Longitudinally  disposed  beams.  Longitudinal  strengthening  ribs 
are  multi-spanned,  continuous  beams  supported  on  intermediate  elastic  sup¬ 
ports,  the  web  frames.  However,  in  practice,  the  relationship  between 
rigidity  of  longitudinal  ribs  and  web  framen  is  such  that  the  latter  can 
be  considered  as  rigid  supports. 

We  shall  assume  that  ice  load  q  is  applied  simultaneously  to  two 
adjacent  beams  (main  and  supplementary)  and  consequently,  load  q/2  acts 
on  one  beam  running  in  the  main  direction.  Distance  between  frames  is 
usually  l  3  2  to  3  m;  at  the  same  time,  the  area  of  impact  stress  applica¬ 
tion  in  the  fore  part  does  not,  as  a  rule,  exceed  3  to  4  a.  Therefore, 
to  calculate  longitudinal  strengthening  ribr  in  the  fore  part,  load  f/2 
should  be  considered  as  uniformly  distributed  on  one  span  of  the  beam 
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between  frame  (Figure  94).  In  thia  cam,  ttw  loaded  span  can  be  considered 
as  an  isolated  bean, elastically  constrained  on  supports, with  a  reference 
couple  coefficient  *  •  0.63  [24]. 


Figure  94.  Schematic  diagcaa  for  the  application  designed 
ice  load  f-'-r  *  longitudinal  stiffner. 


Then,  bending 


in  the  center  of  the 


span  will  be 


Mp at 


(24.1) 


bending  assent  in  the  abutnent  section 

^abd^1”0'026^' 

shearing  force  in  the  abutnent  section 


(24.2) 


(24.3) 


Assuming  the  occurrence  of  stresses  in  the  center  of  the  beast  span 
equal  to  yield  stress  in  the  extreae  fiber,  we  find  the  nagnitude  of  the 
■iniaun, necessary  section  nodules  of  a  longitudinal  strengthening  rib 


IT  =  0,036-?-.  (24.4) 

V 

Assusing  that  shearing  force  in  the  abutnent  section  is  experienced 
by  the  section  wall  and  tangential  stresses  are  equally  distributed  along 
its  height,  we  assune  the  nagnitude  of  the  nininun  necessary  sectional 
area  of  the  section  wall  at  the  fraae 


0,43-^-.  (24*5> 

r  2-2»y  .  V 

Longitudinal  strengthening  ribs  are  usually  relatively  low  beans. 
Therefore,  when  satisfying  ultiaate  bending  strength  conditions  of  the 
bean,  shearing  strength  conditions  are  also  net  as  a  rule.  When  there  are 
relatively  short,  longitudinal, disposed  beans,  their  strength  should  be 
calculated,  taking  shearing  strain  into  consideration. 
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During  ccaprsssion,  the  aidsection  at  m  ship'*  aid*  la  usually 
•objected  to  ieo  pressure  for  a  substantial  length.  In  this  cans,  a  longi¬ 
tudinal  strongthaning  rib  can  bo  calculated  by  aaauning  it  to  bo  rigidly 
constrained  on  the  f ranee,  then,  bonding  aoennt  in  the  span  will  bo 

(U.6) 

bonding  aonent  in  the  abutnant  section 


MabSla^ 


•(MMlgf*; 


(34.7) 


shearing  force  in  the  abutnant  section 


(24.8) 


It  is  obvious  froa  the  above-cited  foraulas ,  that  design  bonding 
nonents  and  shearing  forces  are  close  in  nagnitude  for  longitudinally  dis¬ 
posed  beans  in  the  ert realties  and  anidahips.  Therefore ,  for  longitudinally 
disposed  beans  in  the  ice  belt  area,  for  the  entire  length  of  the  ship,  wo 
can  finally  assune 


(34.9) 


=  (34.10) 

•y 

Loads  q  in  expressions  (24.9)  and  (24.10)  are  taken  for  the  fore 
part  and  aidsection  respectively. 

Rib  fraaes.  Rib  fraaes  on  ships  having  a  longitudinal  systea, 
assembled  according  to  regulations  of  shipping  registries,  usually  have 
great  strength  and  rigidity.  However,  on  snail  ships  of  the  highest  ice 
classes,  toe  strength  of  web  fraaes  calculated  for  the  hydrostatic  pres¬ 
sure  of  water  can  soaetiass  be  inadequate  to  stand  up  under  an  ice  load. 
It  is  evident  that  aaxiaua  stress  acts  on  a  web  fraae  when  an  ice  load 
is  applied  along  the  side  of  a  ship  over  a  distance  of  several  adjacent 
spans  of  a  longitudinally  disposed  bean.  Inasauch  as  all  fraaes  between 
transverse  bulkheads  have  the  sane  profile, as  a  rule,  their  yielding  will 
also  be  equal.  The  greatest  load  on  a  web  fraae 

Q  =  ql. 

The  maximum  bending  moment  acting  on  a  fraas  cross  section  under 
load  is, 

~kqlllt  (24.ll) 
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whore  q  is  tbs  intensity  of  tbs  ics  load; 

I  is  tbs  open  of  a  boas  naming  in  tbs  sain  direction  between  web 
frame; 

I  is  tbs  design  span  of  tbs  web  fraae  in  which  tbs  ice  load  is  applied; 

k  is  a  mineral  coefficient,  the  nagnitude  of  which  depends  on  the 
arrangenent  of  tbs  decks  and  platform ,  as  well  as  on  coordinates 
of  the  load  application  and  rigidity  relationship  of  individual 
web  fraae  sectors. 

Values  of  coefficient  k  are  calculated  for  various  arrange wenta  of 
web  fraae  loading  (Figure  95  and  Table  22). 


Table  22 


Values  of  coefficient  k. 


a  J* 

pacseiw 
soft 
exam 
(pec.  96) 

1 

2 

3 

4 

8 

• 

8 

7 

8 

8 

10 

k 

0.146 

0.124 

0.138 

0.128 

0.182 

0,185 

0,188 

0,183 

0.161 

0.165 

a-nuaber  of  design  diagraa  (Figure  95 )• 

Design  bending  aonent  in  a  web  fraae  section  aust  not  exceed 

M  «  If  JS  , 
wf  y 

where  is  the  section  aodulus  of  a  web  fraae  crosa  section; 
a  is  the  yielding  stress  of  the  web  fraae  aaterial. 

y 

Then,  considering  (24.ll),  we  obtain  an  expression  for  the  section 
modulus  of  the  web  fraae  profile 


(24.12) 

v 

Keeping  in  mind  that  taidters  which  have  one  deck,  are  assembled  in 
a  longitudinal  system,  we  can  assuae  coefficient  k  «  0.135. 

,  Example.  Determine  the  ice  belt, shell  plating  thickness  and 
scantlings  of  aidship  side  bracings  of  a  tanker  asseabied  in  a 
longitudinal  system  with  the  following  initial  data:  load  on 
the  plating  p=T05  t/m  ,  load  on  framing  q  -  70  t/m;  longitudinal 
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itr»ngth»ntng  rib  span  I  ■  3*6  ■{  distance  batman  longitudinally 
diapoaad  bait  a  «  0.45  ■(  apan  of  vab  tirmmm  1,  a^ll.O  at  bull 
notarial  -  ataal  with  yiald  atraaa  a  ■  3*000  ag/cn  . 


Figure  95 •  Diagram  of  loading  of  web  fra 


Ve  determine  plating  thickness  of  the  ice  belt  by  fomula 

(18.5)  _ 

.  i..  te  1  /  10S  i  j  |A  ■  • _ _ 


6  » 184-0,45 


+  4  m  19,6  MM. 


Based  on  the  existing  assortment  of  rolled  plate,  we  should 
assume'  6  =  20  an. 
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The  ■ini—  ntcMury  MCtion  modulus  and  sectional  area  of 
longitudinal  strengthening  riba,  according  to  formulas  (24.9)  and 
(24.10)  will  be,  respectively, 


•  0.48 


8000 
70-84-19 


•  88.1  ctfi. 


In  the  case  under  consideration. 


12  x  400 
18  x  100 


with  cross-sectional  area  F 


we  assues  a  T-aection  profile 
s  66  cn  ,  V  a  1,260  cm^. 


The  necessary  section  Modulus  of  the  web  fraae,  calculated 
by  foraula  (24.12)  with  coefficient  k  asauned  according  to  diagram 
1  (Figure  95): 

Hrf  0.148  - 18480  dfi. 

Mill 


is  too  large.  Therefore,  to  reduce  the  profile,  crossbars,  joining 
web  frames  with  fraass  of  the  longitudinal  bulkheads  should  be  in¬ 
stalled  and  the  former  should  be  calculated  as  continuous  beams  on 
elastic,  intermediate  supports. 
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CHAPTER  VI 


STRENGTH  OF  PECKS  AND  PLATFORMS 


25.  General  Requirements  for  tht  Desion  of  Decks  and  Plttforw 
Located  in  the  Am  of  Ice  Load  Action. 


Dacka  and  platforms  of  ahipa  which  sail  in  ica  ara  subjactad  to 
action  of  aubatantial  ice  loads.  In  sons  cases,  these  stresses  cause 
warping  and  breaking  of  the  deck  covering,  loss  of  stability  and  failure 
of  beans  and  bean  brackets,  etc.  When  designating  scantlings  of  these 
structures,  it  is  necessary  to  take  ice  loads  into  consideration, besides 
the  usual  design  loads  (overall  bending,  deck  cargo,  hydrostatic  head). 

In  doing  this,  the  heaviest  combination  of  external  loads  should  be  as¬ 
sumed.  Simultaneous  action  of  loads  in  the  plane  of  the  grillage  and 
lateral  loads  cause  unsyantric  bending  of  the  deck  grillage  which  should 
be  allowed  for  in  calculations.  Stresses  from  overall  bending  in  ice 
decks  are  relatively  small  inasmuch  as  they  are  near  to  the  neutral  axis, 
as  a  rule. 


Figure  96.  Diagram  of  deck  framing  of  diesel-electric  ship, 

Lena. 

Ice  loads  can  act  directly  on  deck  and  platforn  planes  or  can  be 
transmitted  to  them  in  the  form  of  reactions  from  frames.  In  the  latter 
case,-  the  decks  and  platforms  play  the  role  of  a  rigid  contour  to  which 
the  frames  transmit  pressure  from  the  ice.  Ice  loads  applied  directly  to 
a  deck  are  the  greatest  and  should  be  considered  as  design  loads.  Decks 
and  platforms,  on  the  planes  of  which  an  ice  loid  can  directly  act,  shall 
arbitrarily  be  called  ice  decks  and  platforms,  in  the  future.  On  all 


cIumi  of  icebreakers  and  UL  (Arkt.)  and  UL-class  cargo  ships  having 
two  or  aor*  docks,  on*  of  the  decks  .just  be  located  in  tbs  area  of  the 
load  waterline.  As  a  rule,  i.e. ,  in  the  area  which  Boot  often  cones 
into  contact  with  the  ice.  Installation  of  a  platforn  in  this  area  is 
also  not  excluded.  In  any  case,  continuity  of  longitudinal  bracings 
adjacent  to  the  side  should  be  provided  over  the  entire  length  of  the 
ship  in  this  area.  The  placement  of  a  deck  on  the  load  waterline  level 
is  explained  as  an  atteapt  to  transnit  the  greatest  part  of  the  ice  load 
directly  to  a  very  strong  structure  to  which  it  is  relatively  easy  to 
provide  rigidity. 

Ice  decks  are  usually  nade  without  bends  and  saddle  backing.  A 
transverse  freeing  systen  is  the  aoet  expedient  for  then.  If  a  longitudinal 
fraaing  systen  is  used,  the  section  of  the  deck  adjacent  to  the  side  must 
be  strengthened  by  installing  lateral, strengthening, ribs  at  least  two  or 
three  fraae  spacing s  long,on  each  frane  (Figure  96). 

Particular  attention  should  be  given  to  the  proper  structural  de¬ 
sign  of  the  joint  between  the  intemediate  franes  and  the  ice  deck. 

Inasnuch  as  beans  are  not  usually  installed  on  intemediate  franes,  reactive 
stresses  can  be  reliably  transaitted  to  the  deck  by  knees  (Figure  97a) 
or  supplenentary  half -beans  (Figure  97b), running  to  the  nearest  deck  girder. 


/ 


Figure  97.  End  constraint  of  intemediate  franes:  a-by  means 
of  knees;  b-by  neans  of  supplenentary  half-beans. 

As  a  rule,  ice  damage  to  decks  and  platfoms  is  of  a  local  nature 
and  is  usually  a  consequence  of  loss  of  stability  of  individual  elements 
of  the  deck  structure.  Cases  of  warping  of  the  entire  deck  grillage  are 
observed  less  often.  Therefore,  when  calculating  decks  and  platforms  for 
ice  load  action,  stability  of  the  deck  covering  between  beams  and  stability 
of  beams  and  the  entire  deck  grillage  batmen  transverse  bulkheads  or  its 
individual  sectors  (for  example,  between  franes), Bust  be  checked.  In  ad¬ 
dition,  the  resistance  of  the  deck  to  action  of  coapres^ive  and  shearing 
stresses  must  be  checked.  Besides  that,  the  resistance  of  decks  adjacent 
to  the  ice  decks, to  action  of  reactive  stresses  from  the  frames  should 
be  checked.  These  reactions  are  calculated  when  calculating  side  framing 
for  the  most  adverse  case  of  ice  load  application. 
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Ib*  Magnitude  of  an  ice  load  on  ice  decka  la  assumed  to  be  no  lesa 
than  the  deaign  load  for  aide  fraaing  in  the  correaponding  hull  auction. 

The  ice  load  amidships ,  caused  by  coepreaaion  of  the  ahip,  can  be  distributed 
for  a  considerable  length.  Therefore,  the  deaign  load  should  be  aaaunad 
as  being  applied  to  the  plane  of  the  deck  for  the  length  froa  bulkhead  to 
bulkhead.  The  zone  of  ice  load  application  in  the  eztrenit ies  does  hot 
usually  exceed  2.5  to  3.0  ■  in  length  and  the  deaign  load  hero  should  be 
considered  as  being  applied  to  a  sector  of  no  aore  than  three  or  four  fraaa 
s pacings  along  the  side.  Since  the  period  of  impact  ice  load  action  is 
0.2  to  1.0  seconds,  the  design  load  on  the  deck  can  be  considered  as  being 
static.  The  ice  load  caused  by  compression  of  *  ship  in  ice  is  bilateral 
and  deck  grillage  experiences  pressure  on  both  sides ,siaultaneously.  The 
load  on  the  extremities  is  unilateral  and  is  equalised  by  shearing  stresses 
in  the  transverse  bulkheads. 

26.  Calculating  the  Strength  and  Stability  of  Deck  and  Platform 

Coverings. 

The  purpose  of  calculating  the  strength  of  ice  decks  and  platforms 
is  to  determine  the  thickness  of  deck-covering  plates,  distribute  material 
rationally  and  check  the  strength  and  stability  of  deck  bracings.  When 
checking  the  strength  of  ice  decks  and  platforms,  the  deck  sector  between 
bulkheads  which  is  under  consideration,  should  be  considered  ad  a  deep, 
short  bean  with  a  length-height  relationship  on  the  order  of  one  (Figure 
98).  Along  with  this,  the  side  grillages  play  the  role  of  flanges  of 
this  bean.  An  ice  load  acting  in  the  plane  of  the  beam  wall,  causes  it 
to  bend  and  causes  shearing  strain  in  its  plane.  As  Yu.  N.  Baskin  [39) 
indicates,  longitudinal  stresses  a  and  strains  C  caused  by  the  bending 
are  relatively  small  and  only  lateral, normal  and  shear  stresses  O  and 
T  , are  of  interest  when  evaluating  deck  strength.  y 


Figure  98.  Diagram  of  local  compression  of  a  deck  located  in 
the  ice  belt  area,  a-bu lkhead;  b-first  strake;  c -second  strake. 
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Following  the  previously-assumed  dwiign  d  lag  raw,  we  shall  consider 
the  work  of  deck  structures  in  the  elastic  range,  Halting  allowed  stresses 
to  the  yield  stress.  Then,  all  design  dependencies  for  checking  the  strength 
of  ice  decks  can  be  obtained  on  the  basis  of  solutions  of  linear  problems 
of  the  theory  of  elasticity.  Absolute  solutions  evidently  cannot  be  used 
in  actual  calculations  because  of  their  unwieldiness.  A  rough  solution 
to  the  problea  of  calculating  the  strength  of  ships'  ice  decks,  closely 
aatching  the  exact  solution  ,  was  obtained  by  Yu.  N.  Raskinyy  [39].  The 
results  of  this  solution  will  be  used  subsequently. 

Ve  shall  consider  a  deck  grillage  without  large  openings  as  being 
a  thin  plate  of  gradually  changing  thickness  loaded  with  stress  q, equally 
distributed  along  its  edge  (Figure  98).  The  saall  magnitude  of  longitu¬ 
dinal  stresses  and  strains  in  such  a  plate,  sake  it  possible  for  their 
influence  on  lateral ,nonaal  and  shear  stresses  to  be  disregarded.  Thus, 
individual, longitudinal, deck  strokes  can  be  assumed  to  be  functioning  only 
durin  shearing  effect  of  an  ice  load. 

Strain  of  a  deck,  considered  as  the  aggregate  of  the  individual, 
longitudinal, strakes  joined  together  by  elastic  seams,  is  described  by 
a  system  of  n-second  order,  linear,  differential  equations,  where  n  is 
the  number  of  strakes.  For  practical  calculations,  stresses  in  a  given 
deck  section  can  be  calculated  if  the  grillage  is  considered  to  consist 
of  two  strakes  when  there  is  a  uniaxial  load  or  of  three  symmetrically 
arranged  strakes, when  there  is  a  biaxial  load.  The  conditional  conjunc¬ 
tion  line  of  these  strakes  coincides  with  a  design  section  of  the  deck. 


The  greatest  normal  and  shear  stresses  acting  in  section  y  =  b  when 
there  is  a  uniaxial  load, are  calculated  by  formulas 


o,(0,  b) 


cbrii,  J 


(26.1) 


(y-*)])-  <26-2’ 

where  aQ  =  -  q/5Q  is  the  compressive  stress  in  the  deck  stringer; 

Tq  =  qa/u)  are  the  mean  shear  stresses  along  the  width  of  the 

,  deck; 

u)  =  u>  +  ol  is  the  cross  section  plane  of  the  deck; 

1  “ 

u)}  =  b6Q  is  the  sectional  area  of  the  first  strake; 
u^=(B  -  b)6j  is  the  sectional  area  of  the  second  strake; 

and  6^  are  the  reduced  thicknesses  of  the  first  and  second 
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feck  atrakM,  computed  allowing  for  tho  cross  section 
plans  of  tho  feck  f raaing. 


An  ics  load,  equally  distributed  for  length  2a  along  the  side,  is 
considered  to  be  applied  to  tie  center  of  tho  length  of  the  dock  grillage 
between  bulkheads.  In  this  case,  noraal  stresses  in  the  strokes  a re  snail. 


Magnitude  r^,  depending  on  the  rigidity  of  the  deck  strokes  under 
coaqnossion,  is  entered  in  foraulaa  (26.1)  and  (26.2), 


;&(*+s)r 


where  G  is  the  nodule  of  rigidity; 

k^  is  the  coefficient  of  rigidity  of  the  elastic  bracing  between 
the  first  and  second  deck  st rakes  under  uniaxial  conpression. 

Mean, shear ,stresses  along  the  width  of  the  first  stroke  (deck 
stringer)  are  deternined  by  the  foraula 


Wien  there  is  a  biaxial  load,  stresses  are  calculated  by  foraulad 


T““(a,  b)  =  ~*r*chr^L.-dl' 
ay  0  “1  ,rtaehrtLt 


(26.4) 


(26.5) 


where  r„ 


■YE- 


k2  is  a  coefficient  of  rigidity  of  the  elastic  bracing  between  the 
first  and  second  strokes ,  under  biaxial  conpression. 

When  naking  actual  calculations  in  the  case  of  uniaxial  conpression, 
it  should  be  assuned  that 


2,93f  A. 

_ 4 


(26.6) 
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where  B  is  the  breadth  of  the  ahip{ 

(p  is  a  coefficient  determined  from  the  graph  in  Figure  99,  de¬ 
pending  on  the  ratio  B/a. 

When  there  is  biaxial  compression 


If  a  deck  consists  of  several  strakes  of  various  thicknesses,  the 
strokes  between  the  side  and  section  under  consideration  are  considered 
as  one  strake,  equal  to  the  strakes  in  area. 

All  these  formulas  [39]  do  not  allow  for  the  effect  of  yielding 
of  the  lateral  edge  of  the  grillage,  i.e. ,  the  bulkheads.  If  the  dis¬ 
tance  between  bulkheads  is  great  and  the  condition  LQ  -  a/B  36  is  ob¬ 
served,  yielding  of  bulkheads  and  adjoining  segments  of  the  deck  does  not 
exert  a  noticeable  influence  on  the  magnitude  and  nature  of  stress  dis¬ 
tribution  in  the  deck.  If  the  load  is  distributed  for  a  substantial 
length  and  LQ  -  a/B  <  >4,  the  coefficient  m,  allowing  for  the  influence 
of  the  ultimate  rigidity  of  the  index  contour,  should  be  introduced: 

+  ,26.7) 

where 


6.  .  -  being  the  thickness  of  bulkhead  plates; 
bn 

6  „  -  being  the  thickness  of  the  deck  beyond  the  bulkhead, 
dk 


Allowing  for  correction,  design  values  of  normal  and  shear  stresses 
when  there  is  uniaxial  load  action  are  calculated  by  formulas 


(26.8) 


%xy  (a,  b)  -  {<,+  (a,  b)  -  -^} ,  (26. 9 ) 

where  6  (0,  b)  and  T  (a,  b)  are  stresses  computed  by  formulas  (26.1) 

and  (26^2),  without  allowing  for  yielding  of  grillage  edges. 


In  case  of  biaxial  compression,  even  if  the  load  is  equally  distri¬ 
buted  over  the  entire  length  between  bulkheads,  the  influence  of  yielding 
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of  tbo  lateral  edges  ia  wry  mil.  This  provides  basis  for  using  formu¬ 
las  (26.4)  and  (26.5)  which,  whan  a  «  LQ,  idea  tha  fora 


fman**  «| 


Design  noraal  stresses  in  deck  strokes  aust  not  exceed  the  yield 
stress  of  the  notarial  a  ,  and  shear  stresses,  the  magnitude  T  .  0.57  O . 
At  the  same  tine,  des igny shear  stresses  at  the  boundary  of  application  * 
of  a  uniformly Tdistributed  load  become  infinitely  large.  Thus,  tha  sec¬ 
tor  of  the  deck  located  near  the  side  passes  into  a  yield  state  and 
stresses  in  it  maintain  a  constant  magnitude. 


Ve  note  that  she&r  stresses  exceeding  T  ean  be  permitted  in  these 
sections.  In  this  situation,  the  presence  of^yielding  should  be  roughly 
allowed  for  by  introducing  a  reduced, sectional, area  of  the  extreme  deck 
strake 


(26.10) 


where  yf  is  the  width  of  the  reduced  straket 


T 


ian 


is  the 

strake 


an  aagnitude  of  shear  stresses  occurring  at  that 


The  reduced  area,  according  to  formula  (26.10),  should  be  calculated 
by  a  method  of  successive  approximations  using  expression  (26.3)  ad  (26.5). 
In  this  case,  it  is  usually  adequate  to  make  one  approximation.  The  re¬ 
maining  deck  strakes  are  calculated  as  shown  above  (without  allowing  for 
reduction). 


When  designing,  it  is  advisable  to  distribute  material  throughout 
the  bre'adth  of  the  deck  so  that  coapressive  stresses  under  ice  load  action 
will  be  uniformly  distributed  in  the  entire  section.  For  this  purpose, 
it  is  proposed  in  work  [393  that  the  following  approximate  dependence  be 
used  when  assigning  thickness  of  deck  covering  strakes 

(26.11) 

where  is  the  thickness  of  the  n-a  covering  strake. 

-  It  is  necessary  to  check  the  stability  of  the  deck  covering  as 
well  as  its  strength.  When  there  is  a  lateral  systen,  luler  stresses  in 
plates  of  the  covering  are  calculated  by  the  formula 
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i  U  tha 


covering | 


•  ia  tha  distance  batman  boons. 


Normal  atraiaaa  in  tho  dock  covering  atrakaa ,  calculated  by  above - 
cited  formulas,  nuot  net  exceed  corresponding  Euler  stresses,  i.e. ,  they 
must  fulfill  tha  condition 

,<800^jf.  (26.12) 


Moving  froo  stresses  to  loads, 
stability  ia  the  fora 

♦<%+««* 


write  the  condition  of  deck 

(26.13) 


where  q  is  a  load  on  the  deck  equal  to  the  load  on  the  side  framing; 
q£  is  the  Euler  load  for  the  deck  covering; 
qf  ia  the  load  absorbed  by  the  framing : 

f  is  the  beam,  cross-sectional  area. 


If  the  thickness  of  the  covering  is  designated  froo  the  above-cited 
condition,  the  structure  will  practically  have  no  margin  of  stability. 

To  provide  one,  it  would  be  necessary  to  assume  a  higher  Euler  load.  How¬ 
ever,  it  is  impossible  to  select  an  increased  Euler  load  so  that  a  thick¬ 
ness  of  deck  and  platform  coverings  simultaneously  acceptable  for  ships 
of  various  types  and  ice  classes  is  obtained.  Therefore,  instead  of  in¬ 
creasing  the  Euler  load,  the  design  load  should  be  increased.  Taking  de¬ 
signing  and  operating  experience  into  consideration,  the  design  load  on 
the  deck  is  increased  by  50  t/m  and  amounts  to  q .  «  q  +  50.  In  this 

situation,  the  minimum  necessary  thickness  of  the  deck  stringer, in  milli¬ 
meters,  is  calculated  by  the  formula 

(26.x4) 

where  s  is  the  distance  between  beams  m; 

q  is  the  intensity  of  the  ice  load,  t/m. 


The  thickness  of  a  deck  stringer  should  be  determined  by  this 
formula  for  cargo  ships  only.  On  icebreakers,  ice  decks  are  strengthened 
by  supplementary  beams  and  there  is  no  point  in  checking  the  stability  of 
the  deck  stringer.  Its  thickness  should  be  determined  from  a  condition 
of  strength 


JL 


H»  transition  froa  deck  stringer  thicknaaa  to  thick— o oo  of  othor 
otrokoo  out  bo  gradual  in  all  caaoa  and  tha  aa  lac  tod  value  of  tha  thick- 
na as  auat  ba  no  loos  than  that  indicatad  in  Tabla  2).  Tha  width  of  tha 
dock  stringar  oust  ba  at  laaat  thraa  fraas  apse Inga. 

Tabla  2J 

Hininuai  thicknaasas  of  deck  covering. 


Tsa  cyjuu 

a 

Ksacc 

:  b  ' 

'■Mydaora 

crpurepif 

C  mm 

Toupma 

saenua 

saaydH, 

d  MM 

e  . 

* 

•  ( 

JkftMKM 

I 

14 

■  10 

» 

II 

12 

6 

f  » 

III 

6 

6 

Eyxcap 

•  y  ji  ul 

8 

*  l 

a-ahip  type;  b-  class;  c-deck  stringar  thickness,  as;  d-deck 
covering  thickness,  aa;  e-icebreaker;  f -tugboat. 

Additional  requirements  are  iaposad  on  the  upper  dock  and  fore¬ 
castle  deck  covering  of  icebreakers  and  ice-strengthened  classes  of  ships. 
Por  a  length  of  0.05L  froa  the  stem  in  the  bow  and  in  the  area  of  the 
s tempos t  in  the  stern,  the  thickness  of  the  aain  deck  covering  over  its 
entire  width  must  be  at  least  the  thickness  of  the  deck  stringar.  Phan 
there  is  a  forecastle,  the  thickness  of  the  upper  deck  stringar, in  this 
area  can  be  decreased  by  2  aa  and  the  thickness  of  the  remaining  deck 
covering  strakes  by  1  aa  in  comparison  with  the  corresponding  magnitudes . 
for  an  ice  deck  (Tab}'.  23).  The  thickness  of  the  .'forecastle  stringar  and 
deck  flooring  is  assumed  the  saae  as  for  the  upper  deck  situated  below 
the  forecastle. 

Example.  Make  a  check  calculation  of  a  sector  of  the  lower 
deck  of  an  icebreaker  bow.  Breadth  of  deck  B  »  19*4  a,  length 
of  grillage  2Lq=10.4  a,  fraae  spacing  s  *  0.4  a;  width  of  deck 
stringer  b  =  3.5  ■,  thickness  =  14  aa;  all  other  plates  have 
a  thickgess  of  6^  =  12  aa.  Cross-sectional  area  of  the  beaa  f* 
s  40  ca  ;  yield  stress^of  the  framing  aaterial  and  covering 
plates  a  =  2,600  kg/cn  ;  intensity  of  the  design  ice  load  q  ■ 

=  450  t/£.  Load  is  unilateral,  applied  for  a  length  of  2a  *  3.2  a 
in  the  center  of  the  grillage  span. 

Cross-sectional  area  of  deck 

»  -  2-350  1,4  +  1240-1,2  -  2470  cm*-, 

sectional  area  of  first  and  second  design  strakes 

•i  - 350- 1,4  —  490  cm1-,  1960.es*. 
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Rtduead  tbickneas 
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«-»  * 

Coapresaive  it 
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1J4  CM. 


1040-160  JO 

li  the  Jack  atringar 


a hear  atresaea 

S- 

Coefficiant  of  rigidity  (26.6) 


fafi. 

0*70 


where  coefficient  Cp  ia  taken  by  —ana  of  extrapolation  from  the 
graph  in  Figure  99  for  the  ralationahip 


L  JM 

•  "  i* 


w.1;  t-*A 


8,88  *  0,637. 


Coepreasive  atreaa  in  tha  aacond  at rake  (6^  >  12 

f  1  -r  -h  S,6°-\ - 0,71*,  -  1330  k?ca*  <  «- 
^  1,74  2470  \  ~  ch 6,63 /  .  T 


•); 


Euler  atreaaea  for  the  aecond  at rake 


CTg-  600(— ^’-2  j*.  !80Ckg/«a*  f 


Mean  shear  atreaaea  along  the  width  of  tha  deck  stringer 


I960 
'  2470  * 


ih  1,02  ch  6,6 
ch6,63 


J-l,34^-300k^ 


Yielding  of 
tude  of  stresses 


bulkheads,  in  this  case,  influences  the  aagni- 
in  the  dock  covering,  inaaauch  as 


6,2— 1,6  >  1  - , 

<  .18,4  ,  2  V 
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Via  consider  tbs  influence  of  tbs  ultiaste  rigidity  of  tbs  in¬ 
dex  contour  using  foraulas  (26.7) ,  (26.8)  and  (26.9)*  Use,  we 
obtain  for  the  deck  stringer 


«•- <14 +M -Mac 


for  the  second  deck  at rake 

t*  m  2*0,9+ 14  -  2,0  ear,  . 


ICMcg/cs*. 


27.  Deaioning  Decks  in  the  Area  of  Large  Openinoe. 

The  design  dependencies  of  the  preceding  paragraph  relate  to  solid 
decks  not  haring  significant  openings  which  is  characteristic  for  ice¬ 
breakers.  Ota  ice  cargo  ships,  the  decks  are  weakened  by  large,  hatch 
openings.  When  calculating  ice  decks  in  the  area  of  large  openings,  the 
sector  of  the  deck  between  the  side  and  the  opening  and  the  sector  between 
the  hatch  end  coaning  and  transverse  bulkhead, should  be  considered  sep¬ 
arately.  When  calculating  the  deck  between  the  side  and  hatch  opening, 
this  sector  should  be  considered  as  a  high  beae  working  in  bending  and 
shearing  strain.  The  flanges  of  this  bean  are  the  hatch  side  coaning  and 
the  side  plating.  Therefore,  the  strength  and  stability  of  the  side 
coaning  should  be  checked  while  it  is  functioning  as  the  flange  of  this 
bean  under  consideration. 

The  section  coinciding  with  the  hatch  end  coaning,  where  largest 
shear  stresses  act,  is  the  most  dangerous.  In  section  A -A  (Figure  100), 
there  is  shearing  force  action 


where  t  is  the  length  of  the  hatch  opening. 

Assuning  the  acting  shear  stresses  to  be  equally  distributed  over 
the  width  of  deck  sector  c,  for  section  A  -  A,  we  obtain 


(27.1) 
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Figure  100.  Design  diagram  for  deck  in  cargo  hatch  area. 

Actually,  because  of  the  nonunifora  distribution  of  these  stresses 
over  the  section,  the  ainiaua  necessary  sectional  area  of  the  deck  should 
be  calculated  by  the  expression 

e.-Si, 

**d 

T 

where  T  *  -£■  is  the  admissible  stress: 
ad  k^ 

k  =  1.5  is  a  safety  factor  allowing  for  nonunifora  distribution 
of  shear  stresses; 


Ty  is  shear  yield  stress. 

Considering  that  u>  =  £c^6^,  we  obtain  the  condition  which,  when 
satisfied,  will  assure  the  strength  of  the  given  deck  sector 


(27.2) 


In  addition  to  shearing  strength,  it  is  necessary  to  check  the 
stability  of  the  deck  plates  against  shear  stress  action.  The  ultimate 
shearing  force  absorbed  by  the  deck  in  section  A  -  A  and  determined  from 
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the  condition  of  stability  is 


Q.-1140 


(27.3) 


vhero  s  is  frano  spacing. 


Figure  101.  Values  of  the  relative  component  of  noraal  stress. 

This  fonsula  was  obtained  under  an  assumption  of  uniformly  distributed 
shear  stresses  for  width  c.  Allowing  for  the  actual  nonuniforaity  of 
stress  distribution,  safety  factor  k_  =  1.5  should  be  introduced.  Then, 
the  stability  condition  of  the  deck  Covering  in  this  area  is  written  in 
the  fora 

U40^Cl8,(!!2L)*>0,75,l;  (27.4) 

Design  diagram  (Figure  100), can  be  used  to  calculate  stresses  in 
the  deck  covering  between  the  bulkhead  and  hatch  end  coaming.  Noraal 
stresses  in  this  area  of  the  deck  are  calculated  as  a  sue  of  stresses  caused 
by  external  normal  load  q  and  load  T^  (Figure  100): 

ifcetf  (27.5) 

The  mean,  normal,  stresses  acting  in  a  section  coinciding  with 
the  hatch  end  coaming  are  design  stresses.  The  concentration  of  stresses 
in  the  hatch  joints  can  be  lowered  to  safe  limits  by  appropriate  construc¬ 
tion  measures.  Using  the  solution  to  the  two-dimensional  problea  of  the 
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theory  of  elasticity,  Yu*  N.  Bartel n  [39]  calculated  both  co^wnsnts  of 
noraal  at rasa  (27,5) » depending  on  the  dimensionless  relationships  a/B, 
F/B6  and  b/B, where  P  is  the  cross  sect  tonal  area  of  the  and  beam,  6  is 
the  thickness  of  the  dock  covering. 


Figure 
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The  first  component  5  q  is  practically  independent  of  the 

naan 

width  of  the  hatch  opening  and  is  deterained  according  to  the  graphs  in 
Figure  101  for  various  rslationships  of  a/B  and  F/B6.  The  second  component 
5  depends  on  the-  hatch  width  and  is  deterained  fron  the  graphs  in 

figure  102  depending  on  parameters  b/B  and  F/B6  for  various  relationships 
of  a/B,  Interpolation  car  be  used  for  interasdiate  values  of  a/B.  Both 
noraal  stress  coaponents  are  presented  in  Figures  101  and  102  as  fractions 
of  the  coapressive  stress  in  the  deck  stringer  5^  *  q/  S,  where  S  is  the 
reduced  deck  covering  thickness  in  the  area  under  consideration.  The 
strength  condition  of  the  covering  is  written  in  the  fora  <  a^. 

In  addition  to  checking  the  resistance  of  the  deck  covering  to 
action  of  noraal  stresses,  the  strength  and  stability  of  the  covering  in 
the  extreme  frame  space  adjoining  the  transverse  bulkhead  should  be 
checked.  Assuming  the  load  to  be  bilateral  and  applied  along  the  entire 
length  of  the  deck  grillage  froa  bulkhead  to  bulkhead,  we  write  the 
stability  condition  of  the  extreme  panel  in  the  following  form: 

where  safety  factor  k^  =  1.5, as  was  assumed  above. 
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Iaapl«.  Mi  shall  chack  tha  strength  and  stability  of  tha 
deck  dapictad  in  figure  100, with  tha  fol loving  initial  data:  L  « 

*  15*2  ■  is  tha  diatanca  batwaan  bullchaadaf  B  a  14.4  ■  is  tha 
braadth  of  tha  ship  along  tha  dock  in  tha  araa  of  load  application) 
t  a  10.4  ■  is  tha  hatch  length)  b  a  8.0  ■  is  tha  hatch  width) 
a  a  2.4  ■  is  tha  diatanca  batwaan  tha  hatch  opening  and  tha  trans¬ 
verse  bulkhead)  a  a  0.8  ■  is  tha  fraaa  spacing,  c.  a  1.2  n;  6  a 
a  12  an)  c2  =  2.0  ■)  Ag  *  10  an;  A  a  8  an;  F  *21.2  cm  ia  the 
sectional  araa  of  tha  beans,  less  flanges)  q  •  100  t/n  ia  tha  ice 
load.  Deck  covering  and  bean  saterial  is  ateal  with  a  yield-stress 
Ay  «  3,000  kg/cn  ,  Ty  ,  o.57  Oy  .  0.57  .  3*000  .  1,710  kg/cn  . 

Paraneter  F  =  21.2  a  0.0184. 

BA  14.4  x  0.8  x  102 


According  to  the  graph  in  Figure  101,  for  a  »  2.4  •  0.167, 

B  14.4 

we  find  dr _  =  0.53  an‘ 


3  an 


According  to  the  graph  in  Figure  102,  we  find  tha  second  e 
ponent  a  for  b/B  -  8  =  0.55s 

-ean  14^4 


Y  ^aah1.069*. 


■or,  considering  that  b_  -  8.0  =  0.77* 

r  io.4 


■e“n0,77  *  * 


Design  mean  compressive  stressea 

CT 


-a1  +  5y  =  0.53a_  +  1.36a.  «  1.89a_  =  17.80  kg/cn2 

mean  mean  mean  0  0  0 


_2_  1<w,|2.  .  960k* m». 


1,06 


where  JL -0,8  +  -~- 1,06  e*.  • 

I  oO 


Area  of  deck  in  section  A  -  A 

/  -  cA  +  c*  -  130.1,2  +  300-1,0  -  944  «». 


Shear  stresses  in  this  section 


xmjLm  «80~  -  ISlflkg/cn2  <  T 


2 / 


2-344 
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We  check  stability  of  the  deck  covering  by  formula  (27.3): 


Q  -  0,78 «  /  -  0.78*  100-10,4  -  780  t>%. 

Thus,  the  stability  condition  (27*4)  is  not  satisfied  in  the 
section  coinciding  with  the  lateral  edge  of  the  hatch.  This 
forces  the  thickness  of  the  plate  adjoining  the  opening  to  be  in¬ 
creased. 


28.  Calculating  Ice  Deck  Be see. 

Scantlings  of  beaas  of  ships  not  having  an  ice  classification  are 
assigned  according  to  Shipping  Registry  regulations  on  the  basis  of  a 
certain  lateral  design  load  on  the  decks,  keeping  in  nind  the  participa¬ 
tion  of  the  bean  in  bending  of  the  web  frane.  Ice  deck  beans  of  ice 
ships  are  also  subjected  to  the  effect  of  longitudinal  loads  fron  the 
ice.  When  calculating  ice  decks  not  bearing  a  lateral  load  which  takes 
place  on  icebreakers,  for  exanple,  the  stability  of  beans  compressed  by 
the  ice  load  should  be  checked.  Beans  of  ice  decks  on  cargo  ships  which 
are  usually  the  cargo  decks,  as  well  as  beans  of  ice  decks  and  platforms 
which  confine  tanks,  should  be  designed  for  sinultaneous ,  longitudinal 
and  lateral  load  action. 

Let  us  consider  the  latter  case,  from  the  beginning.  We  shall  . 
consider  the  beam  as  being  a  simply  supported,  prismatic  beam,  loaded 
with  a  lateral  load  and  longitudinal,  compressive  forces  (Figure  103). 
Let  qQ  be  a  design, lateral  load  on  the  bean  caused  by  cargoes  present 
in  the  'tween  deck  space.  Then,  we  determine  the  maximum  stress  in  the 
center  of  the  span  of  the  beam  by  formula 


4 


M  _  ’ 

sr,  ’ 


where  l  is  the  span  of  the  beam,  m; 

Wq  is  the  section  modulus  of  the  section  of  the  beam  with  attached 
flange  for  a  ship  of  a  non-ice  class,  calcubted  in  accordance 
with  chapter  6,  section  II  of  the  Regulations  of  the  Registry 
of  Shipping  of  the  USSR  (1956  edition). 
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If,  ill  addition  to  load  qQ,  compressive  fore*  I  «  qa  acta  on  tha 
baaa,  tha  naxinun  atresa  in  tha  cantar  of  tha  baaa  a  pan  ia  datarninad 
by  foraula 


where  x*  (u*)  is  a  Bubnov  function! 


u*  = 


is  the  parameter  of  unay— atrical  banding | 


q  is  the  ica  load  intensity,  t/a| 

s  is  the  distance  between  beans,  ■; 

I  ia  the  moaen£  of  inertia  of  the  sectional  area  of 
the  beaa,  ca  j 

Wj  is  the  section  Modulus  of  the  beaa,  ca^. 
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Assuming  the  modulus  of  elasticity  E 
a  design  formula  for  u* ; 


2.1  x  10^  kg/cm2, 


we  obtain 


i 


Assuming  admissible  stresses  in  both  cases  to  be  equal,  we  obtain 
an  equation  relating  to  to  W^: 


V  =  k  W  , 

1  stress  0 


(28.1) 


where  k  .  =  x*  (u*)  determined  froa  Table  24. 

stress 
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Tab  lit  24 


Values  of  stress  coefficients  k  t  for  *  bee*,  as 
a  function  of  the  parameter  of  unarm* etrical  bending  u* 


a* 

0.0 

0,2 

0.4 

0.0 

0.0 

1.0 

1.2 

1.4 

Ay  (tossm  pemerat) 

1.0 

1.010 

1,070 

1.170 

1.001 

1,704 

2.441 

4.038 

kfy  (npsftjisxessot) 

1.0 

1,010 

1.079 

1.171 

1.062 

1.684 

2,404 

4.990 

a-exact  solution}  b-approximation. 

When  u*  =  n  ,  function  x *  (u*)-e«  which  corresponds  to  loss  of 
2 

stability  of  the  bean. 

V  should  be  computed  according  to  foraula  (28.1)  by  the  method 
oi  successive  approximations  inasmuch  as  coefficient  k  Jt  depends  on 
the  unknown  magnitude  I.  In  the  first  approximation  in  trie  formula  for 
u*,  it  should  be  assumed  that  I  »  I  with  a  corresponding  V  .  We  can 
limit  ourselves  to  the  first  approximation  only  when  the  value  of  para¬ 
meter  u*  is  small (u*  <  0.2).  When  parameter  u*  has  large  values,  use 
of  one  approximation  will  lead  to  unacceptable  results.  In  this  case, 
several  approximations  must  be  made,  taking  into  consideration  the  slow 
convergence  of  the  process. 

Example.  For  a  beam  of  standard  (non-ice)  depk,  take  bulb 
flat  bar  l4a  with  WQ  =  100  cm 3  and  I-  =  1,274  cm  ;  l  =  2.5  ra  is 
the  beam  span;  s  =0.8  m  is  the  distance  between  beams;  q  = 

=  200  t/m  is  the  design  ice  load. 


We  shall 
=  1,274  cm: 


calculate  u*  in  a  first  approximation,  assuming  I  = 


200-0,8 

1274 


s  0,973. 


According  to  table  24,  we  find  k -tress  3  Then,  in 

the  first  approximation  W^  =  1.7  x  100  =  170  cm. 

3 

Let.us  assume  bulb  flat  bar  l6b  with  W  =  165  cm  and  I  = 
2,434  cm4.  We  determine  u*  in  a  second  approximation: 


1.1-2, 5 


0,705. 


According  to  table  24,  we  find  k^.  =  1.26*  Then,  in 

the  second  approximation,  =  1.26  x  100  =  126  cm  . 
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We  assume  bulb  flat  bar  l6a  with  V  -  147  ct?  and  I  ■ 

■  2,200  cm* .  Then 

Thu* ,  in  the  third  approximation  .  1.3  x  100  ■  130  cm?. 
We  stop  on  bulb  flat  bar  16a. 


We  shall  adduce  an  approximate  solution  to  the  problem  of  unsym- 
metrical  bending  of  a  singly  supported  prismatic  beam,  baaed  on  the 
energy  method.  An  expression  of  the  total  energy  of  a  beam  is  written 
in  the  following  manner 

i 


The  Euler-Poisaon  equation  for  functioi 
sion  for  unsymmetrical  bending  of  a  beam: 


3is 


a  well-known  expres- 


El^+tpo  -?•“ 0. 


We  look  for  the  deflection  line  in  the  form  v  x  v  sin  ^  (v 
is  an  unknown  parameter)  which  satisfies  the  conditionsat  the1 be am  ends. 


Substituting  the  obtained  solution  for  v  into  functional ^  and 
carrying  out  integration,  we  obtain 


Taking  the  derivative  for  Vq  and  equating  it  to  zero,  we  find 

from  which  .  .  - 

v.  - - - . 

n  2  -KtH 

When  qs  =  T =  El  (  —  )  ,  the  magnitude  v  which  should  be  ex. 
pected.  E  2  0 


The  maximum  bending  moment  in  the  center  of  the  span  is  determined 
by  the  formula 


M  =  £/tT 


i 

*mT 


‘HtM 
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When  qe  =  0,  this  expression  differs  little  from  the  exact  solution: 

«  i 2 

M  am  (instead  of  M  ■  ^0  ). 

7.75 

Ve  rearrange  the  obtained  expression  for  bending  ■'went: 


assusing 


£ 

4 


sa  8. 


Af  i 


lie.: 

8  j 


Assuming  the  persissible  stresses  for  a  bean  in  a  state  of  u asym¬ 
metric  bending  and  for  a  boas  loaded  with  a  single,  lateral  load,  to 
be  equal,  we  obtain: 


*1«»V 


(28.2) 


^  Also  calculate  the  profile  of  the  beans  in  this  foraula  by  the 
(method  of  successive  approximations  with  which  I  .  1^  should  be  taken  as 
the  first  approximation  (IQ  corresponds  to  the  section  modulus  of  WQ). 

To  compare  the  exact  and  approximate  solutions,  we  consider  the 
numerical  example  cited  above  (see  page  191).  In  the  first  approximation, 
we  take  I  =  1,274  cm  .  Then 


100 

200- 10  80 

2, MOMS.,  (i)’ 


100 

1-0,378 


■  161  cm*. 


We  take  bulb  flat  bar  l6b  with  V  =  165  cm^  and 
in  the  second  approximation 


I  =  2,434  cm4. 


Then, 


100 


1  -  0,378 


1274 

2434 


125  cm*. 


We  take  bulb  flat  bar  l6a  with  W  =  147  cm"*  and  I 
in  the  third  approximation 


2,200  cm 


Then, 


100 


1-0,378 


1274 

2200 


-  128  cm*. 


We  stop  on  bulb  flat  bar  l6a. 
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Thus,  convergence  of  the  process  of  successive  approximations , 
in  both  cases,  is  equal.  Therefore,  it  is  difficult  to  give  preference 
to  one  esthod  or  the  other. 

Vs  present  the  foraula  for  W  ,  as  was  done  earlier,  in  the  fora 

V,  .  k  .  WA  , 

1  stress  0  ’ 


where 


Values  of  coefficient  k  determined  by  the  approximation 

formula,  are  presented  in  Tabfa1^  When  u*  =«  tt/2,  coefficient  k 
4®.  A  comparison  of  the  values  of  coefficients  k  convinces  that 

the  approximation  formula  for  gives  results  whichpractically  coin¬ 
cide  with  the  exact  solution  (see  Table  24).  Diii  makes  it  possible  to 
use  it  for  further  computations. 

The  process  of  computing  V,  e-J  k  err*  be  simplified  if  t.'.e 

moment  of  inertia  is  set  in  the  function  or11 the  uiJci*own  section 

The  dependence  I  *  f (V)  for  bulb  flat  bars  with  attached  flanges 
constructed  according  to  data  in  table  "B"  of  part  II  of  the  Regulations 
of  the  Registry  of  Shipping  of  the  USSR,  1956  edition,  is  presented  in 
figure  104.  It  is  not  difficult  to  see  that  curve  I  *  f(V)  can /be  ap¬ 
proximated,  sufficiently  close  by  the  analytic  dependence  I  m  r'  . 

In  practical  calculations,  the  discrepancy  between  the  approximate 
and  actual  curve  I  =  f(W)  does  not  have  a  substantial  influence  on  the 
final  result.  Then,  the  formula  for  can  be  given  in  the  form 

V.-V, - - . 


'HjJ 


Substituting  V,  =  k  ^  VT  here,  we  obtain 
1  stress  0 


stress 


Designating 


Vks tress  „  ,tt  2  .  W“J/2 
2  (“)  0 

/  = - 5i_, 

■iff*- 


we  obtain  an  equation  for  calculating  coefficient  k 


stress ' 


stress 


"JkT" 

”  fitrA 


stress 
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USSR, 


according  to  Reg^^tioi 


in*  of  the  Registry  of  Shipping  of  the 


,  Taking  q  in  t/m,  a  and  t  in  meters,  VQ  in  cm3, and  assuming  E  =  2.1 
x  10b  kg/cm  ,  we  finally  obtain 


qtP- 10* 

2,1-  ioW,,'*. 


0,483 

*2* 


(28.3) 


In  practice,  values  of  characteristic  N  are  located  within  the 
range  of  zero  to  one. 


Thus,  the  necessary  section  modulus 
Table  25  to  calculate  coefficient 


W  =  k  tressw0’  uain9  data  of 
depending  on  characteristic  N. 


As  calculations  have  shown,  the  thickness  of  ice  deck  covering, 
calculated  for  the  frame  spacing  designated  by  Regulations  of  the  Registry 
of  Shipping,  are  extremely  large.  For  example,  with  frame  spacing  s  = 

=  800  non,  the  minimum  thickness  of  the  lower  deck  according  to  Regulations 
of  the  Registry  of  Shipping  is  6  =  9*5  nmu  Then,  for  a  UL  (Arkt. )-class 
ice  ship,  where  q  =  200  t/m,  we  obtain  [formula  (26.14)] 
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The  overall  increase  in.the  deck  section  for  the  fraae  spacing  is 
AF  a  (13  to  9.5)  x  80  =  28  cm  [sic],  which  corresponds  to  bulb  fist 
bar  20a.  In  this  case,  it  is  better  to  install  into  mediate  beans, 
dividing  the  fraae  spacings  in  half.  Then,  the  required  deck  covering 
thickness  for  the  exapp&e  under  consideration  will  be 

It  is  most  expedient  to  install  interaediate  beans  on  icebreakers 
where  ice  loads  are  large.  When  doing  this,  the  thickness  of  the  deck 
covering  should  not  be  decreased  froa  the  requirements  of  the  Regulations 
of  the  Registry  of  Shipping  of  the  USSR.  For  I  and  I I -class  icebreakers, 
interaediate  beams  of  the  saae  profile  as  the  aain  beans  should  be  in- 
stalled  throughout  the  entire  length  of  the  ice  deck  in  the  area  of  the 
effective  waterline  and  in  the  extremities  on  the  lower  decks  and  platform. 
On  Ill-class  icebreakers,  UL  (Arkt. ) -class  ice  shiptf,  and  UL  class  tugboats, 
interaediate  beam  should  be  installed  only  in  the  bean  and  stern.  The 
section  modulus  of  the  beams  can  be  taken  as  equal  to  50%  of  the  min 
beam,  inasmuch  as  the  purpose  of  interaediate  beam,  in  this  case,  con¬ 
sists  nainly  of  increasing  the  stability  of  deck  plates. 

In  view  of  the  fact  that  stresses  in  deck  covering  attenuate  re¬ 
latively  quickly, in  relation  to  the  distance  froa  the  side,  there  is  no 
need  to  install  intermdiate  beam  more  than  1.5  to  2  a  long.  In  practice, 
they  should  run  up  to  the  nearest  deck  girder  (carling,  hatch  side  coaming ) 
or  longitudinal  side  bulkheads. 


Table  25. 

Values  of  coefficient  k  .  ) 

_ stress 


**  N 

0 

0,1 

0,2 

0,3 

0,4 

0,5 

Stress 

1,00 

1,10 

1,18 

1,27 

1.34 

1.42 

N 

0.6 

0,7 

0,8 

0.9 

1.0 

1.1 

Stress 

1.49 

1,56 

1,63 

1,69 

1.77 

1,82 

If  a  lateral  load  is  not  acting  on  the  ice  deck,  then  only  stability 
of  the  beams  should  be  checked.  In  this  case,  the  beam  is  considered  as 
a  prismatic  beam  simply  supported  on  the  nearest  carling  (hatch  coaaing) 
and  simply  supported  or  rigidly  constrained  at  the  side.  Tam  beam  is 
compressed  by  force  P  acting  on  one  side  (Figure  105).  Irt  this  case, 
the  problem  of  stability  of  the  beam  during  compressive  force  action  which 
varies  along  the  length  of  the  beam  should  be  considered.  As  was  shown 
in  work  _J9],  the  Euler  stress  for  this  case  will  be 


(28.4) 
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\her«  I  is  the  aoaent  of  lnsrtia  of  ths  boss  with  at too had  flange | 
t  is  the  span  of  the  bsasif 

1]  is  a  coefficient 'derived  free  the  graph  in  Figure  106,  depending 
on  the  Magnitude  of  paraaeter  cr*. 

This  paraaeter  is  dete mined, in  turn,  frba  the  graph  in  Figure  107, 
de(  -ding  on  characteristic 


where  6  is  the  thickness  of  the  deck  stringer; 

F  is  the  cross-sectional  area  of  the  beaa,  less  a* .ached  flange. 


Figure  105.  Diagram  of  unilateral  coapression  of  a  beam. 


Figure  106.  Values  of  coefficient 
7).  I-One  end  rigidly  constrained, 
other, simply  supported;  II-both 
ends,  singly  supported. 


Figure  107.  Values  of  coefficient 
a*. 
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The  raliM  of  critical  itnu  P^r  for  the  boas  mat  ba  found,  a  1  loving 
for  deviations  froa  Hooka's  lav.  For  this,  m  calculata  Eular  strassas 
in  the  baaa 


Subsequently,  ve  find  the  corresponding  value  a  froa  the  wall- 

known  tables  of  Yul  A.  Shiaanskiy  [45,  Vol.  3],  and  tSen,  the  aagnituda 

of  P  by  foraula 
cr  . 

%r  “  TJr^' 

where  F.  is  the  cross  section  area  of  the  beaa  with  attached  flange. 

D 

The  stability  condition  of  the  beaa  has  the  fora  qs  <  P  ,  where 
s  is  the  distance  between  beaas. 


29.  Checking  Stability  of  Deck  Grillaoes. 

Detailed  instructions  for  checking  stability  of  deck  grillages  are 
presented  in  the  Handbook  on  the  Strength  of  Ships  [45,  Vol.  2,  Section 
III;  Vol.  3,  Section  III].  When  checking  stability  of  deck  grillages 
in  ice  load  action,  it  should  be  kept  in  Bind  that  coapressive  strassas 
act  on  the  hull  laterally  here, and  not  lengthwise  as  occurs  in  the  case 
of  overall  bending.  Therefore,  all  dependencies  cited  in  [45]  for  a 
longitudinal  framing  system  should  be  related  to  a  lateral  systea  and  vice 
versa. 
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Figure  108.  Diagram  of  ice  compression  of  a  deck  constructed 
with  a  lateral  framing  system. 

Let  us  consider  a  grillage  consisting  of  beaas  having  an  identical 
profile  and  evenly  spaced  carlings,  also  having  an  identical  profile, 
elastically  constrained  on  rigid  supports  -  transverse  bulkheads  or  web 
beams  (Figure  108).  Here 
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t  ia  tha  width  of  |he  grillage,  in  tha  given  cass,  aqual  to  the 
ship's  breadth  B; 

a  is  tha  distance  between  beans f 

L  ia  tha  length  of  the  grillage,  equal  to  the  distance  between 
transverse  bulkheads  of  web  beans,  if  the  latter  have  great 
rigidity | 

b  is  the  distance  between  car lings; 

i  is  the  nonent  of  inertia  of  the  bean  (with  attached  flange); 

I  is  the  nonent  nf  inertia  of  the  car ling  (with  attached  flange); 
ij,  *2  are  conditional, reference  couple, coefficients  of  the  end  fastenings 
of  the  carlings: 

■}/  0/ 

1 ,  “2  are  coefficients  of  yielding  of  the  elastic  constraint  of  the 
beans  on  the  supports; 


n  -  1  is  the  number  of  carlings  (n.«  ~  )• 

D 

We  find  the  necessary  section  modulus  of  the  carlings  by  formula 

>  /  *  W  i  \*  n\ 


1 = (t)  (t)  t  Wi—* 


where  |t  is  a  coefficient  determined  from  Table  6  of  Section  III  of  Hand¬ 
book  [45],  depending  on  the  conditional  reference  couple  co¬ 
efficients  Xj  and  x2; 

cp  is  a  coefficient  allowing  for  deviation  from  Hooke's  law,  de¬ 
termined  from  a  graph  [45,  Vol.  2,  p.  95]. 

Xjmax(X)  is  a  coefficient  determined  from  Handbook  [45,  Vol.  3,  p.  164]. 

Euler  stress  of  the  web  beam 


where  I.  is  the  moment  of  inertia  of  the  web  beam  with  attached  flange; 
b 

l  is  the  span  of  the  web  beam; 
f  is  the  cross  section  of  the  web  beam; 

D 

f  is  the  area  of  the  attached  flange  of  the  web  beam; 
a 

m  is  the  number  of  half  waves  of  stability  loss,  determined  from 
a  condition  of  minimum  0g, 
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El 

k  ■  is  the  coefficient  of  rigidity  of  the  elastic  founds- 

X  tion  created  by  the  carlings) 

X  is  the  influence  coefficient  of  the  concentrated  force 
on  deflection  of  the  carling  at  the  point  of  intersec¬ 
tion  with  the  web  bean. 

A  detailed  calculation  of  the  stability  of  a  web  bean  is  presented 
in  [45,  Vol.  31. 

With  a  longitudinal  systea  of  fraaing  (Figure  109),  stability  of 
deck  grillage  is  checked  as  the  stability  of  a  plate  strengthened  by 
lateral  strengthening  ribs  [45  ,  Vol.  3,  Section  III,  #7]. 


Ve  will  use  the  following  syabols:  I  is  the  aoaent  of  inertia  of 
the  lrngitudinal  deck  rib;  a  is  the  distance  between  ribs;  B  is  the 
span  of  the  rib.  aeasured  from  bulkhead  to  the  web  bean  or  between  web 
beams.  Erring  slightly  on  the  side  of  providing  a  aargin  of  stability, 
we  will  assume  the  strengthening  ribs  to  be  simply  supported  on  the  web 
beams,  i.e, ,  x1  =  x^  =  0. 

Euler  stress  of  the  deck  plate 


%-se(J?y  (,+£)• 


The  value  of  parameter  X  is  taken  from  the  graph  X?  Figure  4[45, 

Vol.  3,  Section  III],  depending  on  tire  magnitude  of  X,  which  is  determined 
by  formula 

where  6  is  the  thickness  of  the  deck  covering. 

For  x^  s  x2  =  0  p,  s  tt. 

The  X  3*67  rigidity  of  the  longitudinal  ribs  exceeds  the  critical 
rigidity  and  stability  of  the  plate  is  determined  by  the  stability  of  one 
of  its  fields  between  ribs.  The  critical  moment  of  inertia  of  longitudinal 


/cr=  0,0367 


Euler  stresses  in  the  deck  covering  calculated  in  this  way  that  it 
correspond  to  a  case  in  which  web  beams  can  be  considered  as  an  adequately 
rigid  support  for  the  longitudinal  ribs.  . 


Ve  find  the  Euler  stress  for  a  Web  beam, as  for  a  simply  supported 
bar  on  an  elastic  foundation,  according  to  the  formula 

/-I  ,  P  \ 


°E  <*<4+4) 


(m,+£)' 
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where 


/#*0,lMt(HrT)«f 

Jg  is  tbs  sub  of  th#  distances  froa  tbs  fca.j  bsaa  under  considera- 
*  tion  to  the  bulkhead  and  nearest  web  he an; 

(ct  is  the  Euler  stress  for  a  plate  of  the  deck  covering). 

The  magnitude  0  is  determined  depending  on  the  coefficient  of 
rigidity 


L,.  is  the  distance  between  the  side  and  longitudinal  bulkhead; 

ID 

Y  is  the  influence  coefficient  of  the  concentrated  force, 
applied  at  the  point  of  intersection  of  the  rib  with  the 
web  beam,  on  deflection  of  the  longitudinal  rib. 
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CHAPTER  VII 

TRANSVERSE  BULKHEADS.  STEMS  AND  STERKPOSTS 


30.  Design  Loads  on  Transverse  Bulkheads . 


Transverse  bulkheads  of  icebreakers  and  ice  cargo  ships  are  sub¬ 
jected  to  substantial  ice  loads.  Loads  acting  in  the  planes  of  bulk¬ 
heads,  in  some  cases,  cause  damage  and  loss  of  stability  in  the  bulkheads. 
Thus,  in  contrast  to  transverse  bulkheads  of  ships  not  having  an  ice 
classification,  bulkheads  of  ice  ships  must  be  designed  for  action  of 
longitudinal,  compressive  stresses,  as  veil  as  for  lateral,  hydrostatic 
load.  Deep-tank  bulkheads,  as  well  as  all  main, watertight  bulkheads, 
should  be  designed  for  such  a  load  variant,  keeping  in  mind  the  assurance 
of  unsinkability  in  case  of  shipwreck. 

Ice  loads  can  be  directly  applieJ  to  a  bulkhead  or  as  reactions 
from  the  loaded, side  stringers  and  ice  decks  (platforms).  In  both  cases, 
the  compressive  load  has  a  local  nature.  Therefore,  primary  attention 
should  be  given  to  providing  strength  and  stability  to  sectors  of  the 
bulkhead  nearest  the  side. 

The  load  transmitted  to  the  bulkhead  by  the  side  stringers  and 
ice  decks  is  balanced  by  a  system  of  shear  stresses  acting  along  the 
line  of  their  intersection.  The  most  difficult  situation  is  one  in 
which  an  ice  load  occurs  directly  on  a  bulkhead  and  acts  in  the  span 
between  decks  or  between  a  deck  and  the  inner  bottom.  The  value  of  a 
design  ice  load  acting  on  a  bulkhead  can  be  calculated  on  a  basis  of  .the 
design  load  on  the  side  structures.  The  magnitude  of  the  ice  load  when 
a  ship  strikes  against  an  ice  field  is  determined  by  the  formula 


P  =  1 ,26 


(30.1) 


where  D  is  the  ship's  displacement; 

C'  is  the  reduced  toss  coefficient; 

v^^  is  the  velocity  reduced  toward  the  line  of  impact; 

a  is  the  ultimate  crushing  strength  of  the  ice; 

3  is  the  vertical  slope  of  the  frame  at  the  point  of  impact; 

b  is  the  length  of  load  distribution. 
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Figure  110.  Diagram  of  ica  stress  action  on  a  transverse 
bulkhead.  I  -  Load  United  to  two  fraae  spacings;  II  - 
Load  liaited  to  four  fraaw  spacings. 


In  fowls  (30.1),  the  length  of  the  load  distribution  is  an  un¬ 
known  paraswter.  To  calculate  this  paraaeter  as  applied  to  a  case  in  which 
an  iapact  is  applied  to  an  area  where  a  transverse  bulkhead  is  installed, 
we  use  the  following  considerations.  When  the  length  of  the  distribution 
b,  is  increased,  aagnitude  of  tbs  total  ice  load  is  sonewhat  increased. 
However,  the  part  of  the  load  experienced  by  the  bulkhead  is  decreased, 
inasauch  as  the  intensity  of  the  linear  load  decreases  in  this  case 
(Figure  110).  As  a  consequence  of  the  crushing  of  the  edge  of  the  ice 
field  in  the  iapact  process,  the  different  degree  of  rigidity  of  the  bulk¬ 
head  and  franes  has  practically  no  effect  on  the  distribution  of  the  ice 
load  along  the  ship's' side.  This,  it  is  assuasd  that  the  fraaes  and  bulk¬ 
head  experience  that  part  of  the  ice  load  which  arrives  at  thea  directly. 
Based  on  this,  the  aost  dangerous  case  is  an  iapact  against  a  projection 
of  the  edge  of  a  field, so  that  the  contact  stress  is  distributed  within 
the  liait  of  two  fraae  spaces  (diagraa  I  in  Figure  110)  adjoining  a  bulk¬ 
head,  i.e. ,  when  b  =  2s. 

Ve  shall  transfer  a  small  part  of  the  load  occurring  on  the  adja¬ 
cent  fraaes  to  the  bulkhead  (erring  on  the  side  of  safety  in  so  doing). 

Then,  the  stress  acting  on  the  bulkhead  will  be  [see  (9>7)  and  (9*8)] 

i  /"  D  2*e 

P  ,  1.26 rniY  (30.2) 

This  stress  is  distributed  on  a  comparatively  small  sector.*  along 
the  height  of  the  side,  giving  basis  to  consider  an  ice  load  as  a  con¬ 
centrated  force  applied  in  the  area  of  the  effective  waterline  when  cal¬ 
culating  the  strength  of  a  trcisverse  bulkhead. 

The  load  on  a  bulkhead  located  amidships  is  calculated  from  con¬ 
ditions  of  ice  compression  of  ships.  For  ships  with  sloping  sides  (8  ^.8°), 
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we  have  the  following  expression  for  total  stress  experienced  by  the  bulk¬ 
head,  fron  the  two,  adjacent,  frame  spacings  [see  (12.8)  where  2R  •  JO  ■]: 


0.233>  1 


sin  {I 


(30.3) 


where  s 

is  the 

a 

is  the 

c 

ab 

is  the 

h 

is  the 

8 

is  the 

For  ships 

limua  load  is  calculated  fron 
a  condition  of  crack  fomations  in  the  ice  (Figure  110).  In  the  sector 
adjacent  to  point  0,the  ice  is  in  a  plane  state  of  stress}  the  largest  pri¬ 
mary  compressive  stress  in  this  case  being 


For  ice  a 


,  consequently 


-v*i- 


where  q  is  the  intensity  of  the  load. 

Assuming  that  failure  begins  when  the  static,  compress ive^  stress 
reaches  the  ultimate  crushing  strength  of  the  ice  (d  =  200  t/m  ),  for 
the  critical  load  we  obtain 


The  stress  transmitted  to  the  bulkhead  from  the  two, adjoining, 
frame  spaces 


P  =  2s<7faij=282/ks. 


(30.4) 


Design  diagrams  for  flat  and  corrugated  transverse  bulkheads  are 
presented  below. 
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31.  Flat.  TriMwrM .Bulkheads. 


The  strength  of  tranaverM  bulkheads  which  are  subjected  to  ice 
loads,  as  well  as  hydrostatic  loads,  is  assured  first  of  all,  by  structural 
Measures  directed  toward  increasing  their  rigidity.  For  this  reason,  all 
Main, transverse, bulkheads  on  heavy  and  nediua  icebreakers  Must  have  hori¬ 
zontal,  strengthening  ribe.  In  the  sector  between  the  side  and  longitudinal 
bulkheads  or  vertical  web  stiffeners ,  these  ribs  should  be  installed 
normal  to  the  side  (Figure  111). 


Figure  111.  Diagraa  of  a  bulkhead  Figure  112.  Diagran  of  strengthening 

sector  strengthened  next  to  the  side  of  a  transverse  bulkhead  amidships, 
by  horizontal  ribs. 

icebreakers,  UL  (Arkt)-and  UL— class  cargo  ships  and  UL— c lass 
tugboats,  it  is  desirable  to  install  transverse  bulkheads  in  the  forepeak 
and  afterpeak, perpendicular  to  the  side  and  the  strengthening  ribs  for 
then  should  also  be  installed  perpendicular  to  the  side.  In  doing  this, 
the  strengthening  ribs  must  be  structurally  linked  in  the  longitudinal 
plane  with  the  longitudinal  bulkheads  (partial  bulkheads )« located  in  the 
fore-and  afterpeaks,  or  supported  on  docking  stiffeners.  On  all  other 
transverse  bulkheads,  strengthening  ribs  no real  to  the  side  should  lead 
to  the  nearest, vertical, web  stiffener  of  the  bulkhead.  The  midsection 
of  bulkheads  in  the  parallel, Middle  body  area, can  be  strengthened  either 
by  horizontal  or  vertical, stiffening  ribs  (Figure  112). 

On  L-claas  cargo  ships  and  tugboats,  lateral  bulkheads  in  the  bow 
must  have  horizontal  strengthening  ribs  leading  to  the  nearest,  vertical 
stiffener .  These  ribs  are  installed  over  the  entire  height  of  the  bulk¬ 
head,  from  the  flooring  of  the  inner  bottom  to  the  deck  located  in  the 
load, waterline, area.  Midship  bulkheads  of  these  ships  can  be  of  standard 
structure  with  vertical  stiffeners.  The  distance  between  the  horizontal 
riba  which  are  subjected  to  ice  loads  Must  not  exeddd  600  to  700  ra  for 
structural  considerations.  So  that  extreme  plates  of  the  bulkhead  panel 
can  stand  up  under  shearing  stresses,  their  thickness  must  be  at  least  the 
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thickness  of  the  side  stringer  well  or  the  thickness  of  the  deck  stringer. 
The  width  of  these  thickened  pistes  oust  be  no  less  then  the  height  of  the 
side  stringer  or  width  of  the  deck  stringer,  and  in  s njr  esse,  oust  be  et 
lesst  1,000  to  1,200  hh.  Experience  in  construction  end  operation  of  ice 
ships  shows  that  the  einieue  permissible  thickness  of  extreae,  bulkhead 
plates, should  also  be  regulated  (Table  26). 


Table  26 


Mini mum  values  for  the  thickness  of  extreae  plates  of 
transverse  bulkheads. 
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a-ship  type;  b-ship  class;  c-plate  thickness,  an;  d-forepart; 
e-remaining  areas;  f -icebreakers;  g-ice  ships;  h-UL  (Arkt. )  UL,L; 
i-tugboats;  j-UL,L. 

It  is  necessary  to  pay  particular  attention  to  the  quality  of  wilding 
and  the  rational  distribution  of  welded  joints  in  the  area  where  decks 
join  transverse  bulkheads.  Analysis  of  shipwreck  cases  has  shown  that 
ice  damage  to  bulkheads  usually  begins  with  breakdown  of  welded  joints 
under  the  effect  of  shearing  stresses. 

Transverse  bulkheads  with  horizontal  strengthening  ribs  should  be 
calculated  for  ice  load  action,  similarly  to  calculations  of  ice  deck 
strength.  In  this  case,  all  the  design  dependencies  of  the  previous  chap¬ 
ter  can  be  used. 

If  an  ice  load  on  a  bulkhead  is  nearly  a  concentrated  load  (Figure 
112),  the  bulkhead  can  be  calculated  similarly  to  the  way  in  which 
strength  of  local  bulkheads  with  vertical  stiffeners  is  calculated  when 
a  ship  is  docked  [28;  45,  Vol.  3]*  Let  P  be  an  external  load  on  a  bulk¬ 

head.  Assuming  admissible  shearing  stresses  to  be  =  0.25T  ,  we  shall 
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find  the  ainiaua, necessary, 


cross-sectional  area  of  the  bulkhead: 


The  ultimate  shearing  force  which  can  be  endured  by  a  bulkhead 
froa  a  condition  of  stability  of  its  plating 


where  6^ 
b 


is  the  plate  thickness { 

is  the  distance  between  horizontal  ribs; 


c^  is  the  distance  between  vertical  stiffeners. 


Vith  this,  the  condition  N  .  ^  (1.5  to  2),  P  can  be  fulfilled. 

Moreover,  it  is  necessary  to  check* tne  stability  of  the  sector  of  the 
plate  between  horizontal  ribs  for  action  of  noraal  stresses 


(31.1) 


where 


a 


b 


is  the  design  ice  load  on  the  bulkhead; 
is  the  design  ice  load  on  the  side  fraaing; 
is  the  fraae  spacing; 

is  the  distance  between  horizontal  ribs. 


Scantlings  of  the  bulkhead  ribs  and  stiffeners  are  determined  from 
'  a  condition  of  assuring  lateral  strength,  allowing  for  unsymaetrical 
bending,,  as  was  previously  done  for  ice  deck  beams.  When  horizontal  ribs 
are  installed  on  transverse  bulkheads,  aaidships  only  at  the  side  and  the 
midsection  of  the  bulkhead  is  strengthened  by  vertical  stiffeners  (Figure 
111),  the  stability  of  bulkhead  plates  between  horizontal  ribs  should  be 
checked  for  action  of  noraal  stresses  according  to  expression  (31. l). 
Moreover,  it  is  necessary  to  check  the  stability  of  that  sector  of  the 
bulkhead  leaf  for  action  of  shear  stresses 

(31.3) 

where  d  is  the  length  of  the  horizontal, strengthening, rib. 

This  formula  was  obtained  assuming  uniform  distribution  of  shear 
stresses  along  the  length  of  the  horizontal, strengthening, rib.  In  view 
of  the  difficulty  of  establishing  the  nature  of  the  distribution  of  shear 
stresses  along  the  length,  the  safety  factor  k.  s  1.5  to  2,  should  be 
introduced. 
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The  stability  of  a  horizontal  rib  is  c ha eked  by  formula 


Figure  113.  Design  diagram  for  calculating  the  length  of 
horizontal,  strengthening,  ribs. 


The  necessary  length  d,  of  horizontal  ribs  is  determined  in  the 
following  manner.  The  Euler  load  on  the  first  sector  of  a  bulkhead  with 
vertical  ribs  (Figure  113)  i  is  computed  by  the  formula 

^200(m)V 

Assuming  that  the  design  ice  load  on  the  bulkhead  is  distri¬ 
buted  on  sector  b  (Figure  113) »  and  disregarding  the  presence  of  horizon¬ 
tal  ribs,  we  obtain  an  expression  for  stresses  transmitted  to  the  sector 
of  the  bulkhead  strengthened  by  vertical  stiffeners* 


.  ^bh« 


arctg 


2d 


*  See  the  solution  to  the  two-dimensional  problem  of  the  theory 
of  elasticity  in  N.  I.  Bezukhov's  book,  The  Theory  of  Elasticity  and 
Plasticity,  GITTL,  1953,  for  example. 


Assuming  n  >  3 ,  we  can  write 


r 


Proa  a  condition  providing  atability  of  a  vertical  aegaent  of  the 
bulkhead  plating,  we  obtain 


where  q  ia  the  design  load  on  the  fraaing. 

Calculations  have  shown  that  usually  n>  3  to  5,  i.e. ,  the  length 
of  horizontal  ribs  adjoining  the  aide  nusi  be  three-to-f ive  tines  greater 
than- the  distance  between  then. 

Le';  us  consider  a  bulkhead  with  vertical,  strengthening,  riba.  The 
aegaent  of  the  bulkhead  between  the  side  and  the  nearest, vertical, stiffener 
has  the  greatest  load  (Figure  114).  The  aagnitude  of  critical  stress  for 
the  extreme  plate  (in  tons), is  determined  according  to  work  [30,  p.  304]: 

£  -  — =  2420-?-,  (31.3) 

cr  b  b 


where  6  is  the  bulkhead  thickness,  ca; 


where  P  ia  the  external  load  on  the  bulkhead,  calculated  according  to 
foraailaa  of  the  preceding  paragraph. 

It  is  permissible  to  install  bulkheads  with  vertical  stiffeners 
only  amidships  of  UL-  and  L-class,  ice  cargo  ships.  The  midship  load  of 
UL-class  ships  is  calculated  from  conditions  of  ice  compression  (30.4). 
Then,  for  ships  with  a  vertical  side,  we  obtain  the  condition 

0,282k  <  24200  y, 

where  all  dimensions  are  assumed  in  centimeters.  This  inequality  can 
be  presented  in  dimensionless  form 


The  relationship  —  for  these  ships,  usually  does  not  exceed 
1.6  to  1.7,  and  the  relationship  ^  1.5.  Then,  the  following  inequality 
must  occur 

T<45'  ’ 


This  condition  can  be  obtained  for  ships  with  sloped  sides, in 
similar  manner.  Using  formula  (30.3)  of  thg  previous  paragraph  and 
substituting  ct  =  200  t/m  ,  =  100  t/m  and  h  =  0.9  m.  Therein,  we 

.  C  I FAC 

obtain 


35,6 
ssin  p 


<2, 42- 10* 


Usually,  the  vertical  slope  of  the  side  of  cargo  ship  midsections 
does  not  exceed  8  to  10°  and  frame  spacing  (main  and  intermediate)  s  = 

=  0.35  to  0.40  m.  Then,  we  obtain  ^- <  50. 

Tiua,  when  strengthening  ribs  are  placed  vertically,  the  distance 
between  them  must  be  no  greater  than  45  to  50  thicknesses  of  the  trans¬ 
verse  lulkhead  plates. 


When  there  are  side  stringers,  stability  of  the  bulkhead  against 
action  of  reactive  stress  from  the  stringer  should  be  checked.  This 
stress  is  usually  absorbed  by  a  horizontal, strengthening, rib  (shelf)  mounted 
on  the  bulkhead.  In  this  case,  calculation  of  shelf  stability  should  be 
performed  similarly  to  calculation  of  a  docking  stiffener  when  a  ship  is 
placed  in  dock  [45,  Vol.  3i« 


.  The  Euler  load  for  a  shelf  is  calculated  by  the  formula 

; [E[ 

l* 


^=10,3^1, 
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where  I  is  the  ament  of  inertia  of  the  shelf  | 

1  is  the  span  of  the  shelf. 

The  shelf  eleasnts  aust  be  selected  in  such  a  Banner  that  Hg  ^  R 
and  coapressive  stress  in  any  section, will  not  surpass  yield  stress.  The 
aagnituds  of  reaction  R,  is  deterained  froa  a  calculation  of  side  grillage 
for  ice  load  action  4. 

32.  Corrugated  Bulkheads. 

Corrugated  bulkheads  can  be  installed  in  the  aidsection  of  ice 
cargo  ships,  with  the  corrugation  axes  being  either  vertically  or  horizon¬ 
tally  oriented.  The  strength  of  such  bulkheads  is  primarily  assured  by 
structural  measures. 

Structural  requirements  of  transverse,  corrugated,  bulkheads  consist 
of  forming  a  flat  sector  of  the  bulkhead  adjoining  the  side.  This  sector 
must  be  strengthened  by  horizontal,  strengthening,  ribs  installed  normal 
to  the  side.  In  certain  cases,  it  is  permissible  to  use  vertical, 
strengthening,  ribs.  The  thickness  of  the  plates  in  this  sector  of  the 
bulkhead  aust  be  at  least  the  ainiaua,  permissible,  thickness  (see  Table 
26).  The  ainiaua  thickness  of  the  flat  sector  of  the  bulkhead  must  be 
at  least  8  ma  for  L-class  cargo  ships.  The  width  of  the  flat  sector  of 
the  bulkhead  C,  (Figure  115) t  i*  designated  on  the  basis  of  a  condition 
of  strength  under  ice  load  action.  Moreover,  the  stability  of  flat  sec¬ 
tors  under  shearing  strain, should  be  checked.  It  is  recommended  that 
strength  and  stability  of  these  sectors  be  calculated  according  to  the 
formulas  of  the  preceding  paragraph  as  for  flat,  transverse,  bulkheads. 


Figure  115*  Diagram  for  calculating  the  resistance  of  a  trans¬ 
verse  bulkhead  to  ice  load  action. 

The  minimum  width  of  the  flat  sector  of  a  corrugated  bulkhead  can 
be  calculated  on  a  basis  of  the  following  considerations.  Assuming  design 
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loads  on  the  side  framing  amidships  to  equal  100  t/m  for  a  UL  (Arkt.)- 
class  ice  ship,  50  t/m  for  UL-class  ice  ships  and  22  t/m  for  L* -class 
ice  ships,  and  assuming  the  permissible, shear  stresses  in  sections  of 
the  flat  sectors  to  equal  0.25  o  for  frame  spacing  s  =  0.4s  on  UL-(Arkt.) 
and  UL-class  ships  and  s  =  0.75  &  on  L-class  ships,  we  obtain  the  following 
values  for  the  minimum  width  of  the  flat  sector  of  a  corrugated  bulkhead 
with  vertically-oriented  corrugation  axes  (for  transverse,  side  framing 
system)  respectively:  1,200,  600  and  400  iron. 


*  Loads  for  UL-(Arkt. )  and  UL-class  ships  are  calculated  on  the 
basis  of  a  condition  of  ice  compression;  for  L-class  ships,  load  q  a 
=  22  t/m  corresponds  to  the  average  magnitude  of  side  framing  strength 
of  these  ships  assembled  according  to  Regulations  of  the  Registry  of 
Shipping  of  the  USSR. 


With  a  longitudinal  system  of  side  frame,  which  is  usually  permis¬ 
sible  for  L-class  ice  ships ,  the  minimum  width  of  the  flat  sector  must 
be  increased  to  1 ,200  mm.  When  frame  spacing  of  the  transverse  framing 
is  increased  over  the  above-indicated  values,  as  well  as  on  ships  dis¬ 
placing  more  than  10,000  t,  the  width  of  the  flat  sector  should  be  in¬ 
creased  in  corresponding  f cushion  (10  mm  for  each  subsequent  1,000  t  dis¬ 
placement).  This  is  called  for  by  the  increase  in  the  design  ice  load* 


The  stability  of  flat, bulkhead  sectors  under  compression  and  shearing 
strain  is  assured  when  the  distance  between  horizontal  ribs  on  L-class 
ice  ships  does  not  exceed  70  to  80  plate  thicknesses.  In  this  case, 
when  standard  carbon  steel  is  used 

xE=  1140  =  1780 ks/c*3  >  0,57<y 


The  stability  of  a  flat  sector  under  compression  will  be 


assured  if 


&  =  » i8,4m  >  P , 

b  10,9  —  . 

where  6  is  the  thickness  of  the  flat  sector  of  the  bulkhead; 
b  is  the  distance  between  horizontal  ribs; 


(32.1) 


P  —  qs  =  22  •  0,75  =  16,5  m. 


The  obtained  margin  of  stability  (k.  =  l.l)  can  be  considered 
adequate  inasmuch  as  an  ice  load  actuallyJacts  on  one  side  and  has  no 
sharply-expressed,  local  nature  which  is  not  allowed  for  in  formula  (32.1). 
For  UL-class  ice  ships,  distance  between  horizontal,  strengthening,  ribs 
must  not  exceed  60  plate  thicknesses. 
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Besides  checking  the  strength  of  the  flat  sector,  the  strength  of 
the  corrugation  should  also  be  checked,  determining  normal  stresses  in 
the  area  of  its  first  bend.  It  is  easy  to  be  convinced  that  these  stresses 
will  attenuate  when  the  width  of  the  flat  sector  is  increased.  The  cor¬ 
rugated  sector  of  the  bulkhead  should  be  calculated  in  accordance  with 
recommendations  worked  out  for  calculating  bulkheads  when  placing  a  ship 
in  dock.  It  is  recommended  that  the  admissible  stresses, in  this  case, 
be  taken  as  equal  to  0.8  a  [45,  Vol.  3]*.  If  horizontal  corrugations 
are  used,  their  stability  Should  be  brought  up  to  yield  stress.  Such 
stability,  as  a  rule,  *s  assured  when  the  inequality  ^.<20  is  fulfilled, 
where  t  is  the  corrugation  span  and  h  is  its  height. 


*  See  also  the  monograph  by  A.  L.  Vasil' yev,  M.  K.  Glozman,  Ye.  A. 
Pavlinova,  M.  V.  Filippeo  titled  "The  Strength  of  Ships'  Corrugated  Bulk¬ 
heads,  "  Sudpromgiz,  1964. 


Stability  of  the  entire  bulkhead,  as  a  whole,  under  ice  load  action 
will  evidently  be  assured  by  a  condition  fulfilling  the  above-cited  re¬ 
quirements.  A  design  in  which  the  corrugations  are  cut  at  web  stiffeners 
is  more  complex.  Overall  stability  of  a  bulkhead,  in  this  case,  needs 
experimental  and  theoretical  examination. 

33.  Calculating  Scantlings  of  the  Stem  and  Sternpost. 

The  stem  of  ice  ships  is  most  subject  to  ice  load  action  during 
impacts  against  ice.  Calculating  the  strength  of  stem  structures  is 
extremely  complex.  Therefore,  when  calculating  their  scantlings,  ice- 
operating  experience  of  ships  is  considered,  first  of  all. 

The  stem  structure  of  an  icebreaker  with  strengthening  is  shown 
in  Figure  116.  The  stem  of  all  classes  of  icebreakers  and  of  UL-(Arkt.) 
and  UL-class  ice  ships  must  be  forged  or  cast.  On  L-class  ships,  the  stem 
cam  be  welded.  The  thickness  of  plates  of  welded  stems  must  be  at  least 
3096  greater  than  the  thickness  of  shell  plating  of  the  ice  belt  adjacent 
to  the  stem. 

On  all  classes  of  icebreakers  and  on  UL-(Arkt.)  and  UL-class 
ships,  the  stem  should  be  strengthened  in  the  area  of  the  ice  belt  by 
horizontal  brackets  at  least  500  mm  high  and  of  the  same  thickness  as 
the  vertical  keel,  installing  them  approximately  600  mm  from  each  other. 

A  longitudinal  bulkhead  or  vertical  keel  400  to  600  mm  high,  stretching 
from  the  forepeak  bulkhead  to  the  deck  above  the  ice  belt  is  installed 
on  the  longitudinal  plane  in  the  forepeak. 
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Figure  116.  Stem  structure  and  bow  framing  of  a  heavy  icebreaker 


The  stem  of  an  ice  ship  can  be  considered  as  a  curved  beam  with  non- 
uniform  rigidity,  supported  on  a  series  of  elastic  supports  formed  by 
decks,  platforms,  stringers  and  breast  hooks.  Academic  research  shows 
that  the  ship's  displacement,  rake  of  the  stem,  ship's  speed  at  the  moment 
of  impact  and  strength  of  the  ice, inf luence  the  magnitude  of  the  contact 
stress  occurring  when  the  stem  impacts  against  ice.  A  detailed, academic 
analysis  of  the  impact  of  a  ship's  stem  against  ice  was  conducted  in 
work  [48], 


The  cross-sectional  area  of  the  stem  F,  must  be  proportional  to 
the  magnitude  of  contact  stress  P, acting  on  the  stem  during  impact ,  i.e. , 
P/P0  =  F/Fq. Subscript  "0"  relates  to  a  prototype  ship,  the  stem  structure 
of  which  has  proven  itself  in  operation. 


The  component  of  contact  stress  normal  to  the  stem  is  calculated 
by  formula: 


•n  ■  -3  -\l- 


(M  v2  )2  0  tg  Of 
red  red  c 


cos  cp  s 


U? 


<p 


(33.1) 


where  o 

c 

<P 

or 


is  the  crushing  strength  of  the  ice; 
is  the  horizontal  slope  of  the  stem; 
is  the  entry  angle  of  the  bow  waterline; 
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(33.2) 


we  obtain  an  expression  for  determining  the  stem,  cross-sectional  area 
by  means  of  a  prototype  ship 


F-k 


•/DMf  »ln«f 
V  co»f  * 


(33-3) 


where 


*  F'  ]/ 


Considering  that  angle  a, for  various  ice  ships,  changes  within  a 
relatively  narrow  range  (20  to  26°),  we  can  write 


and 


F  =  k 


(33.4) 


The  following  mean  values  of  coefficient  k  were  obtained  as  a  re¬ 
sult  of  calculations  made  for  ships  and  icebreakers  which  have  been  con¬ 
structed  for  I -class  icebreakers ,k  =  3*6;  for  I I -cl ass  icebreakers ,k  = 

=  2.5;  for  Ill-class  icebreakers  and  UL-(Arkt) -class,  cargo  ships ,k  - 
=  1.9;  for  UL-class  cargo  ships ,k  =  1.4;  for  L-class  ships, k  =0.6 

Instead  of  formula  (33*4),  we  can  write: 

F  =  a  +  bD, .  (y;  5) 
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where  eoplrlcal  coefficients  a  and  b  ara  aa  lac  tad  so  that  this  erpies 
aian  wall  approxinates  foraula  (33.4).  Such  approxination  is  easily 
achieved  if  dapandaooa  (33*5)  is  sortad  into  two  sactors  of  argiaant 
variation  for  D,vith  various  values  of  coafficianta  a  and  b:  D  ^  .*1500  t 
and  0  >  2,500  t.  Moreover,  paraaatars  a  and  b  depand  on  the  ioa  class 
and  type  of  ship  and  ara  chosen  so  that  actual, croes -sect ional  areas  of 
steaa  of  a  series  of  ships  which  have  bean  constructed  and  proven  than 
salves  agree  with  foraula  (33-5). 

Calculations  ware  node,  allowing  for  these  considerations,  sea  a 
graph  for  deteraining  the  cross-sectional  area  of  steas  of  icebreakers 
and  ice  cargo  shipe  was  constructed  (Figure  117).  Stea,croes-sect ional 
areas  of  L-and  UL-class  shipe,  regulated  by  Regulations  of  the  Registry 
of  Shipping  of  the  USSR  (1956  ed. ),  are  shown  by  dotted  lines,  the  figure 
also  presents  actual , stew, sectional  areas  of  various  types  of  ships  pre¬ 
sently  operating  in  the  Arctic.  Table  27  gives  mineral  values  for  co¬ 
efficients  a  and  b, corresponding  to  the  following  fore  of  foraula  (33*5) 

F^a  +  bD-  10~*caP,  (33.6) 

where  0  is  displacenent ,  full-load  for  icebreakers  and  tugboats 
according  to  the  auaner  load  waterline  for  ice  shipe,  t. 

Table  27 


Value*  of  coefficients  a  and  b 
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a-ship  type;  b-ice  class;  c-stew  fora;  d-when;  e-Xcebreakers; 
f-Icebreakor;  g-Ice  ships;  h-Seni -icebreaker;  i-Non-icebreaker; 
j -Tugboat. 
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When  stern  frans  scantlings  ars  being  dMignitad,  they  should  ha 
basad  on  designing  azparianca  of  ahipo  which  have  baan  cooatructad  and 
ara  opa rating.  Vhan  doing  this,  it  ia  necessary  to  rasas ter  that  tha 
distribution  of  natarial  hatwaan  tha  atarnpost  and  rudder-post  af  ahipo 
which  sail  in  ica  oust  diffar  substantially  fron  standard,  inassueh  as 
tha  rudder-post  is  subjactad  to  largar  ica  loads  than  tha  atarnpost  undar 
all  conditions  of  ica  navigation.  A  snooth  boss  is  usually  stipulated 
in  tha  upper  part  of  tha  starn  frana  above  tha  rudder  blade  to  protect 
tha  blade  fron  ice  danaga  whan  tha  ship  novas  astern  (Figure  118).  Such 
protection  is  nandatory  on  icebreakers  and  UL-(Arkt. ) -class  ships.  In 
addition,  tha  slope  of  the  lower  edge  of  tha  heal  brace  in  relation  to 
tha  base  line,  nuat  be  at  least  1/8,  starting  fron  tha  atarnpost. 

there  are  no  requirenents  for  strengthening  the  stern  frana  of  ice¬ 
breakers  and  UL-(Arkt. ) -class  ships  in  Regulations  of  tha  Registry  of 
Shipping  of  tha  USSR  (1956  ed. ).  the  requirenents  relating  to  L-class 
and  UL-class  shipa  a re  inadequate.  Moreover,  strengthening  of  tha  stern- 
post  and  rudder-post  are  not  considered  individually, in  tha  Regulations. 

As  ttabla  28  shows,  the  increase  coefficients  of  tha  cross -sectional  area 
of  tha  atarnpost  k„ and  rudder-post  k^,in  relation  to  tha  sectional  area 
of  tha  starn  frana  for  a  non-strengthening  ship,  vary  over  a  vary  wide 
range,  even  for  ships  of  the  sane  ice  class.  However,  it  is  obvious 
that  coefficients  k  and  k^  increase  for  shipa  and  icebreakers  of  higher 
ice  classes.  In  this  case,  the  rudder-post  is  strengthened  nore  than  the 
atarnpost. 


Figure  118.  Starn  frane  of  a  heavy  icebreaker. 
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Calculations  performed  for  a  largo  number  of  ice  cargo  ships  and 
icebreakers,  have  made  it  possible  to  determine  mean,  eapirical, values 
for  coefficients  k  and  kg. 

Table  28 


Values  of  coefficients  k^  and  kg  for  various  ships  in 

operation. 


a-ship  type;  b-ice  class;  c-£  at  designer's  waterline,  m; 
d-Fo  according  to  Register,  cm;  e- Icebreakers;  f-Cargo  ships; 
g-*  for  standard  ships,  not  ice-strengthened. 

Table  29 


Values  of  coefficients  k1  and  kg  for  icebreakers  and 


ships  of  various  classes. 
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IJ5.J 
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1,25  j 

b-coeff icients;  c- Icebreakers; 


d -Cargo  ships;  e-Tugboats. 


Unit  tbs  cross-sectional  ana  of  tho  rudder-post  and  sterapost  of  ice- 
braatara  and  ica  ships  can  bs  calculated  by  foraulas 

Fr  "  kl  F0  •  (33.7) 

P.  »  »,  F„  ,  (33.8) 

whore  Fq  ia  the  croas -sectional  area  of  the  stern  fraae,  calculated  ac¬ 
cording  to  Regulations  of  the  Registry  of  Shipping  of  the  USSR  (1956  ad), 
for  a  ship  which  is  not  ice-strengthened; 

k  and  are  coefficients,  nunerical  values  of  which  are  given 
in  Table  29,  depending  on  the  ship  type  and  ice  class. 
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